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Abstract 


This TOPOS sprees & Revel: netwodk- lie sepeesentation; for: ieformasion, called 
“constraint expressions” (CE). CE makes use of some of the knowledge-representation 
techniques developed by Artificial Intelligence research. A CE network consists of points 
(which represent classes of objects) interconnected by cuitraints (which represent the 
relationships which are known, te held qneng the ainges). AN constraints are defined in 
terms of six primitive ones. The data ina CE network is accessed by propagating various 
kinds of labels through it: Each constraint can be viewed a8 an active process which looks 
for certain ee ee eee ee ee eee a labels 

to other points when such patterns oeter... 2% 


The CE representation provides several significant features which are not found 
in most current data models. First, the same mechanism is used to represent “general” as 
well as “specific” information. For example, “The sex of Jane Smith is femate” is specific, 
while “Every person has a unique sex which is either ‘male’ or ‘femate™ is general. 

Second, CE’s label-propagation procedure implements logical consistency checking: 
Data-base integrity can Se imaintained by checking all new data for consisency with the 
existing information. Since the data-base can contain general information (representing a 

“semantic-modeél" of ‘the data~-base’s applitation domain), new specific data can de rejected if 
it is inconsistent with either other specific data or with the —— information. Also, the 
general information can itseif be checked for internal 

Third, the CE representation is sufficiently modular and well-defined so that it 
has a precise formal semantics, which insures that CEs ‘definition contains no hidden 
ambiguities or contradictions. 

Fourth, ‘CE’s moduturity allows the label propagations t be done in parallel, so 
that parallel hardware can be used to full advantage. 
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_ Semantics, which precisely def Ines the meaning of every piec 


ab Introduction 


- 


The work reported in this document. concerns a network-like representation, for 


information called “constraint. expressions” (GE). This repr r entation, has two major 


features which distinguish it from mast others, The first is that it deals comfortably. with 


_ incomplete information. For example, unlike many. other. representations, a database 


structured. in terms of CE can easily. contain. information, aboyt,the class of “all. persons” 


even when the data-bage does not contain a complete list of,all of them. This feature 


allows the data-base to contain, both "specific"_jnforr atic 5 (such, as “Mary Smith is. the 


mother of Jane Smith’) and “general” information, (such ag,“each person. has a unique 


ae eee 
Fag 


1 i-defi ical 
tation, hay @,well-def ined. Iogi 
p. of any given CE network. 


The second major feature is that the CE, Represent 


Many other representations lack an adequate logical semantics, which makes it dif f icylt to 


understand them in a coherent. way and hinders. one from Somparing. their relative 
strengths and weaknesses. In addition, CE’s semantics is “procedural” as, well as “logical” in 
that it specifies not only what any given expression means, but also how, to compute 
inferences from it. More specifically, the logical and procedural semantics are specified in 
terms of how various kinds of “labels” are allowed to propagate through a CE network. 
The information in a CE data-base is contained in the pedcnare of such a network, and 
this information is then accessed by moving labels through the net. This kind of semantics 
encourages one to think of a CE data-base as operating in a highly parallel manner, with 
each datum acting as an active process which propagates labels. : 


This document is divided into three main parts. The first gives the technical 
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details of the CE representation, using examples relating to a hypothetical data-base of 
census information: ‘Ttie Yecond part is tore philosoptiical than technical ~ it compares 
‘CE with other represeniations, discusses why ‘représeritational fisues | ‘are important in the 


‘first place, and examined some-ateas in which the CE tepresetetien 


ts ret adequate. ‘The 
third and finet part is a collection of technical appendices.” The sopits include’ such ‘things 
as paratiel hardware and “knowlelige about knowledge” (suchas “Billy knows’ who Jane 
‘Smith’s real father is, atid she Goesn't know that he kivews.) Lavoe ts cit may be fead 
' in/any order (or skipped entirety) since each ts largely self contained. 

The reader should be forewariied dat much of part oné is not particularly easy 
reading -- the presentation is organized to minimize the number of forward references, 
which means that ititeresting éxariples occur only afvér the \etebeaty machinery has been 
Introduced. Tie main reatot for this rather dry “botteen up" foemat 4s Brevity ~ it would 


be possible to discuss ‘the “big picture” mi paraitiel with the deta 
doubling the-size of rhis decument. it ts expected that the iatetested reader will skim the 


entire document first (especiatly part we) tn ‘order wy “ uted of the bie peers to 
“motivate siudlying the details. 


Part One -- Technical Details . 

The following. three. sections present. the technical. details of the CE 
representation. Section L introduces the-abstract.universe of objects, classes,.and constraints 
_ in which CE operates, and discusses how. information, retrieval and inference are 
accomplished. Section 2 presents the six different primitive constraints which are used (in 
the current formulation of CE) to structure this. universe. Section: 3 then uses these 
__ primitives to canstruct.more complex constraints, such as these involuing. boolean functions, 


transitive relations, and naive probability. . 


1 The CE universe 
Ll Objects and Classes | 

The CE universe is ccipoand of atomic ob jects which sabe aggregated to form 
sbiraiy glasses. Each particular object either: is or is not contained. in any given class -- it 
_ is impossible for some. ob ject to. both be. in and not be in the. same glass. Of course, an 
ob ject may be in more than one class, and a class. may Save any aunbee of objects in it 
_ (from zero to infinitely. many). Section 22 gives.more details:abous how objects.and classes 
interact. | 

As a convenient notation, let uppercase names denpte classes, and let other names 

denote objects, These names may contain hyphens and other punctuation. Sometimes a 
name will be enclosed in single quotes to avoid confusing it with the surrounding text. For 
example, REGISTERED-VOTERS and OCCUPATIONS name.classes, while ‘Jane-Smith’ 


and ‘lawyer’ name ob jects. 


12 Constraints 

As presented $0" ft, Che universéi hag no strucrhive ‘—dny atbitrary assignment of 
ob jects to classes ‘is allowed. Constrairits: add the necessary ‘structure “by constraining the 
allowable anighindiis Pot eitirriple tHe constraint thar “ai REOISTERED-VOTERS are 
PERSONS? requires that every ob ject assigned to REOISTERED“VOTERS ‘also be 
assigned to PERSONS. Sectiori' 2 defines ait the primitive CE’ cotstraihts by specif ying 
how certain patterns of ‘object’ assignments (for exampie, aisignii¢ * Janté-Smith’ to 
REGISTERED-VOTERS) can force other assigtiienitd auch Ws ‘assigning’ "Jane-Sihith’ to 
PERSONS). These defistitions provide the logical jase for each primitive. 

The information in a CE data-base is represented a¥ 4 ‘network of such 
constraints connected to the appropriate classes. Both “generat” hd “Spetitic” information 
can be represented id the Hitter: how this Feature’ pitas We THY Gala buse schemes is 
~ discussed in ‘part do! “AY kbc, ein wt be ard LAR, MEHREIMGEK, ana 
the constraint wif Be ‘dial ai" vitiodikihdi ‘of ‘Hhuthures Beineing the peirtts: The 
class*points thay ‘be ‘aathea \S0' cHOY cali be terdrrell V6 “aupiliity GW thie text 
(eg. REGISTERED-VOTERS), Ue the’ names crews tpl the iita-base 


and do not carry any data-base information. The “meaning” of 2 class-point tuck as 
REGISTERED-V OVERS ‘te ‘Cartied teatly’inr'terms of “its tonnietrionis Wich the rest of the 
network, and met st alt in ‘ibihie ‘ot SAAC HNE eicteriidit nadie the elasiepeint = nan” 


soiue SM) dite ho ouvugudpas Bie s oe lascias ghore peeghhie ac Uta! 


LS. Extension and Tatewsnae CLODLA SLR oe PEE CIT AETELOSS plore 
Within the abstract universe, the important aspéct’of “a ‘class’ Such as 


‘REGISTERED-VOTERS’ is its extension (the ob jects which it contains, in this case — 


ll 


presumably all the registered voters). Within the data-base however, the important aspect is 
its intension (how it is constrained to relate to gther classes). In. some cases the intension 
and the extension coincide “a class in the data-base can be constrained (def ined) in terms 
of an explicit listing of its objects. For example, the class BLOQOD-GROUPS can be 
defined by ling the four blo groups. WL and 

However, in many cases the data-base will not contain such Somplete information 
about a class (i.e. its extension). For example, consider JANE-SMITH'S-BLQOD-GROUP, 
which is a oneobject class containing an. object such as ‘ab If the database does not 
know Jane Smith's blood group, then it does not_know the, extension of the class. But, it 
"ae know some things bout the cass in vers of i intenson (how it relates tothe rest of 
the network). For one thing, the class can be constrained to be a subclass of the BLOOD- 
. GROUPS class. For another, a person's blood group can be. constrained in terms of their 
parents’ blood groups. The important thing to remember is that what the data-base 
“knows” (via intensions) may only be a small part of what is true in the universe (via 
extensions). (Note that the meanings of the teins “extension” and “intension” as used in 
this document are not the same as their meanings in modern, mathematical logic. The 


meanings.used here are similar to those used by Pople 1972]) 


nei bho ae fab aed alene us 
The reason for being concerned with extensions in she f irst_ place is that they 

provide the foundations for the logical semantics of the. constraints (as described in section 

2), which in turn provide the framework for making inferences from the data-base. Here, 


“inference” means the process of accessing the data-base in order to acquire information. 
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The kinds of inference conéidered here are: 
(1) Retrieval — the user ask? questions ‘of ihe database. °° 
(2) Consistency ~ the user adds new information to the data-base, and wants to be notified 
if the new data conflicts ‘with existing dati.’ Tee ASM Bagel ah TOAD oe 
(3) Redundauey -- the user adds new bs ae se ia the new data is 
redundant (ie. is implied by existing data). ° . 

| This document focuses‘on the issue of consistency for a “Gouple ‘of reasons. One is 
‘that maintaining a consisterit data-base in the “real world” is oftén’a Very difficult problem, | 


and CE provides one pessitiie solution. The other reason’ is that alt theee. f6rms 


of inference can ‘be subsumed 5 7 checking. 


For redundancy checking, a new datum is redundant iff ite wegal 
ees. Ee eee ee ee ee es gest 2A eM 
existing data-base. For retrieval, a’“yesino” question such as “ts Jane Smith’s father’s blood 
oth afl tps chek op tagyeger et gio crergen gat geuatg bagid “atascg: 
group the same as her mother's?” can be answered ‘by checking ‘the ‘assertion that “Jane 


; consisten vey and 


Coty tee Schr yh gapiy at tener dg fran dient, goo¢ -loe yea gapueprsic 
Smith's father's bleod group is the ‘same as her’ mother's for 


no 8 ude” Bee “noensine amps oct Oo. eguicges etd led) 910k) 
redundancy: If it és inconsistent, then the answer i8 ‘no’; if dant then ie ‘answer is 


eae ae) 300 Sh 


nce checking for’ redundancy means checking the 
negation for inconsistency: heh’ atewer to the above yeshive “Giacdtion is” “yes” “iff the 


“yes if neither then “asn' know 


assertion that "Jane Smith's father's blood group is not the same as her mother’s” is 
inconsistent with the existing database. Retrieval for “find” questions such as “Find Jane 


Smith’s hair color " or “Find & every “petired’ lawyer living in Nevaas ‘if timilar but involves 


added complications “- — i dibclissed in’ inane A Soest aq; ahiecs 


1.41 Labels and Propagation 
The consistency-checking inferences are performed by propagating labels through 


A 


the CE data-base network. A label is an extensional device which relates an object to a 


_ Class in the network. A label names an object and is "on" a class = the label can actually be 
written on a CE network diagram next to a class-point (which “puts the label on the class”). 
A class may have more than one label on it, and the same label may be used on more than 
one class. Here are the three kinds of labels Cob j’ is some ob ject): 

+obj The class contains ‘obj’. 


-obj The class does not contain ‘obj’. 
“obj The class contains exactly the one object ‘obj’ and nothing else. 


\ 


Note that =obj is a special case of +obj, so anything said below about ‘s labels applies 
equally well to ‘=’ labels. | <4 

Labels propagate through the network because each constraint looks for certain 
patterns of labels on the class-points to which it is attached, and then creates other labels 
when such a pattern occurs. All of section 2 consists of specifying these patterns for the 


primitive CE constraints. 


1.4.2 Label Collisions 

Two labels can “collide” at a common class point in two interesting ways. The 
first is that an inconsistency is detected whenever the same 
class-point gets labeled with both -obj and tobj for some 
object - it is lnpouibe that an object both be in and not be in the same class. 

The second kind of collision occurs when a +objl collides with an *obj2. In this 


case, ‘objl’ and ‘obj?’ have to be the same object. This is because the class 


4 


does contain ‘obj!’ (from the «obj label), and it contains only ty ‘ob i? rom the «ob j2 label). 


Hentifi fied” with each other 


Since ‘obj’ and ‘due ‘aid mReiatore the Sirie, they ‘an Be” 


during the inference. “This allows any reference to either to imply a’ reference to the other. 


8 ise & 


For example, a a sobjl ahd db pe "ehiilon’ wil indicate an’ laconsiszency (as ‘above). In 
general, any chiss labeled with either ‘ob ject will be in ih i = with the other, and 


Py TRS 


these implicitly created’ label riiay propaga in in the ustial hhanner 


kre ee ree ahiaals icdth fee ee : 
Pee GO sgt gy ddey vie cab by i RAIS EDD PEST et 


1.4.3: Initial labelings 


To check’ the coviststency ‘of an ‘aisertion ey the id hie, the assertion is 
represented as an ‘initial pattefni of labels in thie fietwork. “The inbels are then propagated, 
“Sallide® at 


a flaw 


and an inconsistency is indicated if (for some ob ject ‘x"} “* and ot tor =x) abe 


MAQEL 


‘the same cass-point. If the. data-base (without the Rew assertion) is consistent, then the 


seueyen EEPEE vt My tay aes Re sal adi Fis ASC Rs ie AOE 
inconsistency must have arisen either because the new aikertion i int waeraay inconsistent or 
: ~ pyotetG aitehs yee “QE 1. Lan (2 GG TUG SUI18< 
because the assertion is Wh the et the dai (ich is the interesting 
a Shah ae) ch a er 2 


case). 


This paragraph introduces two important initial labeling patterns (which are used 


eneiaihos iectalt 
mie oad the rest of this document). Let ‘x’ be a new ob pe (one a does not already 


exist in the ‘data-base), ‘and let ‘A’ and °B’ be two > cis-poiis in the net net. 


ee by a Roepe ee ei “Senutelustoadi 8 


. a It labeing ree yields an’ inconsistency, then it it means ‘that there is 


moe as d va € ‘Gs ei 
no such ‘x’. inbicoran  asiert that A r Ae sale ob cin common. 


poss ary Lal Gacy wh oY ares 2 ee 


1 matuatty exchisive ‘classes. 


: YEQE SSE fay os 
This demonstranes that A 


nea Ree ES 


¥, (2) Similarly, if +x on ‘A and x on B yields an an incons , it ai there is no ob ject 


“which isin A but not in B Phil abana tat A ia subclass of Bo 


2 Primitive Constraints | | 

This section discusses the six primitive constraint expressions used in the current 
formulation of the CE representation. | Ba! 

ACE Gata-base consists. of. a set of class-points. that are interconnected by a 


Hee Gee 


performed by propagating labels through the network, a prim 


itive constraint’s meaning and 


ion Jt respands.co and. the 


behavior can be completely specified in terms of the abel pat 
labels it propagates on the basis of on patterns. Thus it is easy to add a new kind of 
primitive constraint without haying to worry about possible interactions. with. previously 
_ existing primitives. . | 

In this section, each primitive is described by giving its intuitive: meaning, its 
network symbol, the propagation rules, and some examples... More examples occyr in: seetion 
3. “The more philosophical issues concerning what the primitives “really” mean and how 


they compare with those of other representations are discussed in. part two. . 


21 The Partition Constraint 
This constraint represents the partitioning of a Superciass into exclusive and 
exhaustive subclasses. The network symbol for this is shown in figure 2-1a ~ the superclass 
(here, ‘A’ is drawn on the convex side of the bar, and the sublawes (here, ‘B’ and ‘C) are 
drawn on the concave side. Note that there may be more Agr. fewer) than two subclasses, 
and that the Arica left-to-right ordering of the. subclasses is. unimportant. In figure 
2-la, the class ‘A’ is partitioned into ‘B’ and ‘C’. This means Shat every gbject in,'A’ is in 


exactly one of ‘B’ or ‘C’, and that no “extra” ob jects (thase.not in.‘A’) are in ‘B’or.'C’..... 
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For a more concrete example, figure 2-Ib illustrates the partition of PERSONS 
_ into FEMALES and MALES. As an example of 4 partition with more than two subclasses, 
figure 2-Ic partitions FEDERAL-EMPLOYEES into LEGISLATIVE-EMPLOYEES, 
EXECUTIVE-EMPLOYEES, and JUDICIALEMPLOYEES. “Figure 2d says that the 
"class of REGISTERED-VOTERS is a subclais of PERSONS -- the unnamed class-point is 
what is left over (i.e. persons who are not registered’ voters). Figure 2-le says that no 
registered voters are corivicted fétons (without bothering to name the ‘Superclass). 

~ Note that any of the classes may be empty: Figure 2-4 does not say that there are 
any régistered voters. In fact, all the classes in figure 2-1 ‘could be empty (since the empty 
class can be partitioned into empty subclasses). However, if there are any REGISTERED- 
VOTERS, then they are euaiceinedto ‘be PERSONS and ‘Constrained not to be 
CONVICTED-FELONS. The notion of subctats such as ii 240 cecurs frequently enough 
to deserve a simpler symbol Figure 2-4f uses this symbol, which ‘Yhoukd be interpreted as 
an abbreviation for the one used in 2-4. Similarly, the constraint of tigure 2-fg (saying 


that ‘A’ is partitioned into exactly 'B’ ~ they are the same class) has ts own symbol, shown 


ee 


a} 
ary * 


in 2-Ih. | | 
The five label propagation rules for the partition constraint are diagrammed in 
figure 2-2. Each of these rules describes a case in which enough information is available 
| (in terms of existing labels on ‘clais-points) to enable new labels to be propagated to other 
class-points; these new labels may then‘in turn’ enable further propagations. The left-hand 
side of each rule gives the rélevarit pattern of existing tabels, and the’ right-hand ‘side gives 
"the new propagated labels. ‘The etfipses (*..") ‘indicate that there imaty be‘ more’ subclasses 


than are explicitly drawn. fn the figare, ‘%’ is used ‘as the riaine éf the label ob ject ~ the 


five rules of course apply to any object. They are: 
(pl) If an object is in one of the Subclasses, then it must be in the superclass and. can not 
be in any of the other. mutually. exclusive sida ue In oes words, the existing +x label 
provides the information that ‘x’ is in one.of the subclasses. This. information is sufficient 
to deduce that ‘x’ must be in the superclass and net, in any. the other- subclasses... This 
deduced information is then represented in terms. of, new. ee which are put onthe 
relevant classes. It is.in this manner that labels.” "propagate." 
(p2) If an object is not in the ss then it can not be in any of the subclasses. This 
is a consequence of (pl) if the ob ject were in any of the: subclasses, then, it would have to 
be in the superclass, which is false. ative 
" (p8) If an object is in the superclass, and. is not in al-but-one of the subclasses, then it 
must be inthe remaining subclass. This neu beste the partition is exhaustive. ee 
(p4). If an ob ject ig pak in any-of the subclasses, thett it.can not be in: the superclass. (This 
too is. true because oll echavisivensil: | : 
(p5) If the superclass. contains exactly one ob ject, and the ob ject, is.not in.all-but-one of the 
subclasses, then the. remaining subclass must contain exactly, that ob ject “ 

_ Note from figure 2-2 that (pl) and (p8) are. in. some. sense, duals of each other, as 
are ge and (p4)., Rather surprisingly,. section. 31 below. shows. that this. one. constraint 


suffices for representing all of the Boolean functions (set-theoretic union, intersection, etc.) 


2.2 The Object Constraint 
This :constraint forces a class to contain exactly one object. The notation. fi or. this 


is to draw the constrained class-point as a small square (instead -of..a sound point). . Since 


18 


such a class represents exactly one abject, it can-be named with the-lowercase name which is 
~ the name of the objet. ~ ° 

For example, figure 2-34 states that the president of the US is an executive- 
branch employee. Figure 2-Sb states ‘that thefe-afe exactly’ fair: BLOOD-GROUPS, and 
lists them ~ this isan example where the data-base'has:comnpleté(exterisional): infermation 
about a Class. In 2-Sa, the ditaebase certaihily does not have cornpléee information about 
EX ECUTIVE-EMPLOYEES'~> aif it-knows is that ori¢-of thei must be ‘the-presiderit-of - 
~ the-US’, 


The partition constraint is used’ in 2-3b in-order to force the four blood groups to 


be distinct ob ete In CE, the fact that two objects aré‘distingt niast‘be indicated 
 ‘Tintenstonally (Le: via“some constraints in the dintatinsd}, ined -@F just asmumning that two 
objects with different-names are different (extensional) ob jects. -Afother instahice of this 
distinction (due to Frege) is that: “the -morning-sar” and "Rit atlindng, seit” tare the ‘same 
extensional object (the planet Venus) even though-they are métiidd!differetitly:” Indeed, in 


some cases‘it- maybe’ dir titute’ Gr “eeri tmspotsible to decide “Whetlier’ tiwo'objects are the 


same. Note that CE does not require ai’ explicit partition: consitalar hietween each pair of 
distinct ob jects (which would be quite wasteful) ~“ alf that is ‘reqidiredis'to ‘be able to infer 


this distinctness (by, for example, starting a +x laBel on both the objects and deriving an 


\ 


Soe ge 


inconsistency), eee A a an ee 
The propagation rule for objects is very simple: 
(ol) Each ob ject class “broadcasts” an =obj label naming itself °° = 


~ For exarnple, the ob ject ‘chads 4B" in 2:86: Starts an ‘sab label from itsétt. The label says that 


the class coritains exactly the urie’ eb ject which ‘is of courte precisely what ‘is | 
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- object constraint, The =obj labels, so. generated can shen. interact, with other constraints to 

propagate further, For example, in 2-2 the «ab on,‘ab: can propagate.a. sab to BLOOD- 

_ GROUPS as follows: The,a-on ‘ab’ entails a sab, op. ap! (see,section 1.4.0): which allows 
rule (pl) 69 propagate a sah toBLOOD-GROUPS,. ge : 

To prevent.a CE database from, choking itself with tog, many Jabels, same 

- technique is needed to. have only the “relevant”. Object. clagnas. Recapcast their labels during 

- an inference, One. solution, is to consider an ob jest class ta, be. “pelevant” (with respect.to a 


particular inference) iff it gets labeled during that i ‘ re ! DA an, inference. which has 


nothing to. do with blgod groups. will, not. causes Jblond greyp.objects.{e.g. ‘ab’) to 
_ broadcast, since none af them will, get Jabeled. aes ety ky tae | 2 
Note.that CE “objects”. fan be wsed.. to.nepresent. amide variety of apamare 
entities which are not : “pb jects” in the. necmal English.nae. of. oe word alt, 2:3b, the. object 
‘ab’ clearly has.no physical existence... In. 2:80, the, abjects ‘female’.and. ‘male’ are not 
particular females or males. but. are objects denoting these wases thenyetves. ‘Since. ‘female’ 
- and ‘male’ have little meaning <ny.a universe without, Sepaates and. smales, ‘thare- must be a 
_.,StONg connection between, the class, af, FEMALES. and.the. object ‘femate’. The, wext 
subsection discusses, what this connection is... . ae 
23 The Binary Relationship Constraint, eo tke 
| This constraint allows the use of binary relations, such as “sex-of",. "father-of", 
and “blood-group-of". Its network symbol is dravn, ap shown.in.tigyre 2-4a, which states 
_ that the binary relation SEX-OF holds betweep. the objects.‘Jane-Smith’ and ‘female’. 


Almost all data-base schemes have some sigh gonstruct for.assigning values”. to 
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“characteristics” of objects '~ what CE's binary relationship’ ‘constraint does ‘is to extend this 


“notion to encompais attittary'ctaies th dddition to single ob jéeté like ‘Jane-Smiuth’?" 
‘This extended case if sthown ‘int figure St.” Th cidabaing ot 4t is thatthe class 
‘R’ (the “range") is the image of the fies “ty the “doemiin®) inhude ‘ee binary relation ‘B’. 
That is) 'R'.contatns: ékiidlly'tHobesebjeas whilch ire hdlatea toy "By to dime bb ject in ‘D’. 
_ Figure 2-4c uses this to-day ‘that the’ SEX-OP af FEM ALES’ is Yemnalé®” Usitig? Hion-ob ject 
classes for both ‘ehie!ortdifl ath Fei ion ae the SERUOF ‘all 
- PERSONS ‘is eithe?“fettiale’ dp Wiaie!) 8} tous beioasi ey a TH loon ts yah 
Note hac" ia Piplife duccauiueads ‘thi Velition “B inthe sual 
sense of the word. Normally, the “domain of bidity HeAdibhT A the ‘cls ‘ofall ob jects 
which are related bythe rélatioii'to doitieehing.” Go ti Weld sende: ‘the "démain of the 
SEX-OF relation” ib-atl thoi tect wR inv wed)! Ti the tent at *dotiatin™ ised in 
this doeumént: ‘the ddtiikin (3k “erbrary last of Oita “hse SEE “pitts the biriary 
retationi:: “Tre Traage” ‘ener the ‘qhege oF che ‘Fetaehiee *Hetr hebea 6 *thit “donidin. 
> Furthelmore,” hit pein? rnp canal "Ob ets Whitt RAPE Tela By“ the Aalation’ to 
anything. For eXamnple:tigute's4d? oli iil be diiiiigful SF PERSONS Were Hpited 
by ‘THINGS’. Presumably things such as chats Book td ‘Gaeta! HAV ib WA Wo they 
contribute nothing to the range. The changed figure 2-td would state that the image of 
THINGS under SEX-OF is the class of ‘male’ ari Taille Wena HeLa GalerAd have'no 
wack irrelevarit’ tg doue fnapiaig: yiamid te cous eel o ‘tg tniatienas adT 
Note that ‘the origins? figulé Bid: atin: idpthey tat tere i ‘HN Heat GHE fertiale 
person and one rate parsioi "tha Way Minaige” is ‘der ted, aii: dba tag! Poa pears 
im the range’ if atid “ght HP it'4¢ Tiasdalt oir Ob fed 4th oat Gitlin? thi dase 
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sa be a female person). ' If this existential commitment i not desired, the'expression can 
be made weaker as in: 2-¢e. ‘This one says that-she SEX:O5 all: PERSONS: is contained in 
the class of the two.GEXES female’ and ‘male’ The class MX! ony be: any subclass of 
| SEXES.(includiag pessibly the null: class: which-wowld mean -either-that-thete are no 

persons, or that all persons have no sex). As abeve, it is net required by: the definition of 

“image” that every domain ab ject (a: person) be related to at Joust onecrange ob ject (a sex) — 
_ one simple means of achieving this kind of syornetry is givervin:the next subsection: (2.4). 
“One remaining. istue is what che ’B’ class:reaily ‘represents, and ‘how it may be 
«labeled. Extenisionaliy, a binary relation can bethought Of asaiclase of ordesed pairs; each 
of the form <dr> where ‘d’ is ani object in the demiin, and 'y:is.an ob ject in the range. 
So, for ékatinte: SEX:OF can be thought of asa claas which contains pairs such as 
: <Jane-Smith,femates,'<Billy-Jonesmale>, tc. THiS ts pet un -enterpional way of looking at 
. Glasses: such as»'SEX-OF’ -- it is not actuaily: nécessarythat' the ‘datasbase contain 
‘{intensionally) a table of all the ordered pairs occurring in each .bihary: relation. 

_ These: <dir> constructs can-be used for labelling-binacy retatien classes. As-with 
call labels, they may bé.of the'form: 
*<d,r> The relation so labeled does relate ‘d’ to PS 
-<dr> The relation definitely does not relate ‘d’ to 
.. =edyr> The relation rejates:‘di:to: i candeoainbashing i. 

As with =obj labels, =<d,r> wnplies +<d,r>. Also note that <d rovbeing an extensional object, 
can participate in all .constreiat propagstion rules: justdike ‘obf-taogts tan:-For-example, in 
figure 2-4f a s<zome-child,its-mothes> Jag can. propagate: from MOTHER-OF to 
PARENTS-OF via, rule (pl). : 


The seven propagation-rules for: the binary. relationship constraint, are shawn in 


| figure 2-5. They are. 
(bl) If object ‘d’ is in. the domain, .and:<dr> ig in the: relation, then ‘r' is in the range. This 
' isan immediate consequence of the definition of “image” given above: 

 (b2) If an abject ‘r’ is: in: che:range, then: tere cust he: some sipject in the domain which 
bears the relation tovit. It is net known what this object'4s;'soa new aame will be used: for 
it (in this ‘case, ‘gOO8Y is-being used as. the new name). -Any implenientation of a CE data- 
‘base must contain some provision for generating wach new: objects. In the rest of this 
document, these generated eb jecernames wil consist of single: lqwercase letter followed by a 
4-digit number. ‘For: rule 462), it is known thatothe new. abject is inthe domain: (hence 
+g0037 is put on D), and that it bears the relatiod-‘B’:to: tnt alate * r’ (hence #<g0037,r> is 
put on B). Some examples ‘helaw show how. this:works in: practicn. 

(b3) This is a consaquence.of tbl)... If 'r’ is not inthe seage, and: ‘¢ isin the domain, then 
<d,r> can notsbe in the relation: If sdg> were in the relation, then ‘f would -be:in:the range 
(using bl), which is false. 
.{b4) hic. ts aeiecher coneajuence of tpi). if Sd etetae ae es a the 
relatian, then ‘d’ can not be in the domain. Again, if ‘q were inthe demaia, then ‘r’ would 
be in the range (using bi). 
(b5) If the domain coicatas smiy the ora ab ject td) and cigs s nat in the relation, then 
‘r’ can not be in the sange. ; 
(b6) Similarly, if the-relation contains only the..one ordered: pair:<d,r>, and the domain 
does not contain ‘d’, then the range:can pot contain‘. 
(b7) Finally, if the domain contains ‘aid the one ob ject ‘d’; and: the relation contains only 


the one ordered pair <d,f>, then the range must contain only the one ob ject ‘r’. 


op RA aes ot 
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Figures 2-6 and 2-7 diagram some inferences using combinations of these rules. 
In 26a, assume that the data-base contains the information above the dotred line, which 
sates that the ee of Jan Smith is female. If & user of the data-base desires to know, the 
| sex of Jane Smith, the user can consruct the network below. the dotted. line. In order to do 
this, the user must have access to the ,class-points for JJane-Smith’ a and ‘SEX-OF, but the 
user need not have access to the rest of the network. In particular, the user presumably 
| does not already oe be the singe relationship constraint (above: the dotted line) 
which exists in the data-base - otherwise the user would already know the sex ‘of Jane 
| Smith. 

In genera a user interacts with a \ CE data-base, dn terms. of some i ixed set of 
clast-points, om dare-Dase can be Viewed asa ‘black box. with, egal (the set of class- 
points) with which the user interacts. In simple cases, 1 the user. can access the data-base by 
setting up an, initial labeling on some terminals and_ seeing. if, the, automatic label- 
propagating inference procedure inside the black box. Produces an informative result (in 
terms of habe collisions). In more complex cases, the terminals Might ot directly express 
the classes in which the user is interested - in 26a there is. no terminal for ‘the-sex-of -Jane- 
. Smith’ Thus the user must construct the appropriate class (a uy, terminal) in terms of the 
| eiitiey terminals. T his is the purpose of the network Fragment ‘below the-datted line, in 
Figure 2-60 In general, a user temporarily | adds such a. fragment to an. existing. data-base 
in order to define whatever new terminals are necessary for the lee inference... After 
the am sence, the temporary fragment can vf course be deleted. 

Having contre she rage he dated nn the er om 


that the ob ject-class ‘x’ (the name is unimportant) is constrained to be the sex of Jane 


= 

Smith. That is, the new terminal x is constrained to be a cass containing a single ob ject, 
that object being the sex ‘of jane Sinlth. Now, the ob ob eas wa is inown (ancensionay to 
be the sex of Jane Smith, but presumably there is some aeady exiting ob jet in the data- 
base (in this case, Yemate) which is ‘equivatent to %’ bur is more “imerening” Gn that the 
user and/or the data-base know ‘more about female’ than they do about ". Thet user's s task 
is to set up an initial ibeling such ‘that the ne ropagation procedure can be used ad to fin f ind such 
an oie ob ject. | ee 

An initial tabelirig eri the “subsequent inference) which Gee: this is shown in 
figure 2-6b, which'is a copy of 2-6a with the addition of labels. The number in brates 
; preceding each label is used to indicate the order in which the ines are ¢ created ay the 
propagation’ rutes - “ - these ‘numbers are e only ‘for ‘convenience i in aaasne | the diagram and 
are not actually “needed ‘by ‘the ‘inference ‘procedure. “oliowing’ the number is the 
| propagation rule tsed te create the abel, s0 for example “tabi “ ‘means that the x jabel 


aRTIG 30 awh, giiaysges 


"was created at ‘tie ri via’ fale Oi). “‘CThe following Engh description of how i the labels 


: ve 
~ aay? 


eye} cari Resweaneilae 


~ are propagated’ is father ‘cumbersome, but it contains no more information than the labels 


Sap sgsve C2 etire, 


| themselves do) “The {0} «x tabel is the user's initial labeling ‘which sarts: the Inference ~ 


Seu geit Fears 


“it says that the’ ‘teteninal WC hie seomces the’ weret ee Smit) contain exact 


tele € 


auromaticalty ebtiits’a “sa ei ‘as tn ‘section af Which ‘allows ae poses a new 


Ph teg arg byik asi 


new labels. The {abl}. +x. label is created by “applying 


hak 


object (here, g0038) ‘hed cheate the: 
(bl) to the two labels just ‘Created in’ ‘step {i}. “Rule (ol) ‘ailows ‘Hemmale’ to Sbresdeas an 
atemate (label number {8,61)) witich cotiides with the’sx alrendy'on Yemale 

As detcrited in’ section 142, this kind of ‘collision means that & ahd Temale’ are 


‘ 


BO 


the same, (extensional) object. The collision can. be made known. tp. the user,.who thus 
__knows that ‘x’ (the sex of Jane Smith) is juss angther.namme fer ‘Teraale’. Note that.all, the 
user had to do was to create the network below. the dotted: line and. shen, set up an initial 


- labeling. From that, the. label-propagating inference-progeduse conclyded. that..’x’ and 
‘Female’ are the same object, and that conclusion wag given.to the.yser, .At np time did the 


_ User have tg be concerned with the structurg.9f netwark, abous. the dotted line (which 


Pre is 


such a, simple inference, but exactly the sare, technique cap,be. wed. in ogre complex cases. 
Figure 2-7 diagrams the. inference that. Jane Smith's female pasent is, Mary Smith. Again, 
assume the structures. above the dotted line are, part.of.the dalrtate, and. those below the 
line age constructed by the user for the purpoye. of shis.one inference. ,Mote that the data- 
_ ase contains both. “specific” data (auch. a8 that Mary Smith, je. Jane: Smith's mother) and 
“general” data (such as that MOTHER-OF and .FATHER-OF age. the two cases, of 
_PARENTS-OF). -Noje also. that not-all of. the allowed label. propagations are shown in 2-7 
_ 7 At shows aoly those that are relevant,to the inference... 2 | | 
_ arent of Jane Smith and that ‘x’ is a female. The, question the. user wante to-ask i “Is ‘x’ 
_ Mary. Smith?” Note that this is simpler qusstion:than, “ind, the,objec(s) in the data-base 
_.which. ape, equivalent. to,'x"" — sich “find"-ingerences fakin sorfigure 24's find the. sex. of 
__ Jane Smith’) are discussed.in appendix A. te ae 


SRF 


Having constructed.the lower piece of network, the user, must.now set up an 


_ initial labeling, The way to, infer that ‘x’ is ‘Ma ume that ‘x: is not Mary 
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' Smith and then see It the inference procedure wertves an inconsistency (via tie collision of 
some “+” and "-"label): ‘To aistime that ‘x"tsiriceMury Smith, thé asér puts a -x label on 
the object-class ‘Mary-Smith’. The rest’ of the initial labeliig consists of =x on ‘x’ and 
=Mary-Sinith on ‘Mary-Siniti* These ave all iharked as hUlnbee {O}'On the diagram. The 
label-propagating inference procedure then uses this ifiltiel labeling to. derive an 
‘inconsistency -- at point ‘A’ there is a collision of a +x and a -x. Notice of this collision can 
be given. to the user, who then knows that ‘x’ is indeed “Mary-Smith’, ‘since it is inconsistent 
~ ta assume otherwise. (Another possible interpretation of this iricondistency is that there is 
no suth ‘x’, meaning that Jahe Smith does not have any Temate fatéee. Presumably the 
"user assumes that she does ‘have one, so this interpretation is rilled’our) °° | 
Note that the inconsistency is detected via & collision ‘at potnt*AY By propagating 
the labels ‘in a different ‘order, the ‘collision cout tiave beetrritide’to etcur sothewhere else. 
‘Thus the exact’ plate where the inconsistency is devected ts wev'imiportant’\“it is only 
important that itbe detected somewhere © EER Heke Seg ot 
“Ole hitatiortal thortcat teed 'in figuie 2-7 is that wien E'S" 4ebel naming’ some 
generated-ob ject ais be placed ‘ory an Ob ject “class, the narne*tf tie’ bb jertsclass: is used 
instead of the generated-Ob jett’s Hatie. ‘For example, the {284} We JaneSmith,x> label on 
PARENTS-OF ‘is written’ down immed tately, inttend of ‘going thiatigh ‘the Tull‘ process of 
(1) generating a mew ob ject:Qhere, 294} 12) propagating a {282} Sgtis4 fabiet-to “Jane- 
Smith’ (and a (2b2} Vag Xs" tabel te PARENTS-OP}, ()ertating an «Janet Sinith on 


siete 


‘Jane-Smith’ via rule (ol); (4) Colliding the «gi23¢' with ‘thé’ sJaiile-Smith Wich then 


identifies the two objects; (5) thén ‘finally ‘using ‘Jane-Smith” in all tabéts where ‘g123¢’ is 


used (which is legal bécattse the two objects have“been identified With each ther). The 
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end result-is that ‘Jane-Smith’ is used, in. place of ‘91234’, so, there was. really no reason to 
have generated the. ‘gif in the first. place, ek 

In general, this.shortcut is legal because the geaenajed-olject “s" label will 
immediately. collide with he "=" label on the abject: class, which ideotifies, the. generated 
object. with. the abject-class object. Thus either..may.be.usediio place.of the other, so. it is 
legal to use the object-class, name instead of the generatedsohject name. In this way, the 
generated-ob ject name never. appears.on the diagram. This-shortcut will also. be used 


wherever applicable in all the rest of the examples. 


2.4 The Inverse Constraint 
This construct constrains binary relations to be.inyarsesof, each.other. For 

_ example, PARENTS-OF and. CHIULDREN-OFareianece-salations,in that if ‘p’ is a 
.- parent-of ‘c’, then ‘c’ is a.child.of ‘p’. The netwark, symbol. fag this, it given.in figure 2-a 7 
since “inverse” is symepetric, it does not matter -which-rejating Jt,cpaneied.te.which end of 
the symbol. The three propagation rules. Can dhe, daverce, constraint ayeshown in f igure 
Ainvl) If. setiz> J8,09 one side of the. symbol, put.«<.da onthe other side. 
(inv2). If -<d,r>. is.on. one side, put -<td>.on, the, other... (Foe, axasople: if ‘p’ is nota, parent 
of ‘c’, then ‘c’ is is not.a-child of ‘p’) ; bs ye ly oOo BIS aces | | 
_ (iny8) Finally, if »<d,r>.is.on one sida; put eandaonthe athe ccc 

Things may be said about.a binary celetion in a.agmmmetric ranner-by using both 
the relation and its.igverse. For example, figure-2:0a, 18.an imgrovement-aver figure. 2-4e. 
Like 2-4e, it states that the SEX-OF all. PERSQNS: és, some sybelans (here called "XX') of - 
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the SEXES ‘male’-and ‘femvite.’ As-discussed itt section 23, figure 2-te does net imply that 
every person has a sex. However, 2-9a does imply this.” Since PERSONS fs'the image of 
XX under BEINGS-OFSEX,"for every’ person there must Be'sorne' object in XX such that 
c<the-xx-ob ject thie-person ‘is 40? BEINGS-OF-SEX (asing. mile BEY! Then vatie’ constraint 
in 2-9a then forces that <the-personthe-xx+68)jéet> be in’ SEX-OF. “That 15, ‘the-persen' has 
a sex (which is ‘the-xx-ob ject). Note'that none-of -this'requires thalt-a ‘person’ have one and 
~ only one sex - this topic‘oF *1-1 fubdtionis" i discussed! iri detail in séttion 26: ~~ 

As another example, figure 2-8b ‘statés that’SPOUSE-OF “is Ws own’ inverse, 


which is means that it is a symmetric relation. 


25 ‘The World Constraint’ Ooo 8 ee ee ee mae 
~ So far; We hinve westintied? thiat thie information in'x dita-Babe'ts ddhitaht'over time 
and represenis' a sitighe "point “OP 'vidw" "T Nat is, tt hashed tholtp dtsuniéd that che 


extension of’a’ class‘ suictr af REGISTERED-VOTERS ts sanciena et 3} Hewever, 


in the real‘Wolld Atiny ‘things ‘eNangelbver dine: The etiay Gf RECSTERES VOTERS 
gains sais loses ob jects as new people register and old ones die or let their registration 
expire. Also, the extensioil Uf" Gist’ tani vary depending onthe pattie "point of View" 
which is taken." Forvekuiviple: sortie’ users ‘of ‘a’ census -data-baie' might ‘want™to' consider all 
DRAFT-EVADERS to be CRIMINALS, while other used might nde? 0/20 
Fortunately, theté’ if: a rdther simple iniechiantiem: which “helps. solve ‘both these 
problems, and which wl Gime 16 beitelted’ on mote ‘atid'rhore if Léflowariy‘sections of this 
document. The basic idee is fo duppart mattiple "Workdi" in thédittatbase! A world can be 
~ thought of: as a physical or fitted Physick! Situation; stich as cha physical Sitdatiort ‘ot “April 3, 
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1946, at 10:23 am", or the metaphysical situation of “what Jane. Smith believes to be true.” 
The latter might be important if Jane Smith is a data-base user who wants to add 
information to the data-base that conflicts with infosmation that some. other user wants to 
add -- the data-base should then be operating in different worlds when it is being used by 
Jane Smith and when it is being used by the other user. Section 3.5 discusses many. other 


such applications of worlds. 


2.5.1 Extension 

To support multiple worlds, it is necessary for the data-base to be able to contain 
assertions relative to the various worlds and to make the appropriate inferences from them. 
Since the inference process deals only with propagating labels, the inferences can be 
relativized by tagging each label with the world that created it For example, if ‘w’ is the 
world of “April 3, 1946, at 10:23 am” then the label “+x/w°. will denote a. +x dabel relativized 
_ to that world, and similarly for *" and "=" labels, For example, having a. +Jane-Smith/w 
label on REGISTERED-VOTERS states that Jane Smith is a registered. yoter in world ‘w’, 
; itn making a commitment one way or the other -as to. whether Jane Smith is a 
registered voter in other worlds. — 

For all of the label propagation rules, given so far, it is necessary to add the 
stricture that two labels may interact only if they are tagged with the same world. For 
example, in figure 2-10a, rule (pt) can not propagate a-x.te class ‘A’, since, the -x labels on 
_‘B’ and ‘C’ belong to different worlds. Also, every Jabel which is propagated during an 
inference must be given the same world-tag as.the labeXs) which caused the, propagation. 


_For example, in figure 2-l0a, if point ‘C’ were labeled -x/w, then ‘A’ could.be labeled (using 
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rule p4) with -x/w -- the ‘w’ world-tag being required to rélativize it properly. 

Furthermore, world-tags must be taken into account by the ‘ob ject constraint’s 
rule (ol): An object-class such as ‘the-president-of-the-US’ represents the same intensional 
object in all worlds, even though extensionally it may be different (there being different 
presidents at ditrérent times). Therefore if ‘obj’ is an ob ject-class, it is aflowed to broadcast 
an =obj/w label for any world ‘w', As in section 22, the data-base can avold choking itself 
with spurious labels by having an ob ject-class generate an ob j/w label only when the class 
is reached by some existing label with a world-tag of ‘w’. . - 

By convention, the world-tag used on the initial labeling which anita an inference 
will be ‘inf’ (an abbreviatioti Tor “current inference’), and every label written without an 
explicit wotld-tag will be implicitly tagged with ‘inf’, | | 

In addition to using work for tags on labels, it is desirable 16 be able to refer to 
them explicitly as objects. That is, ‘inf’, Ww’, and itl other worlds will be treated in the same 
- manner as other CE objects (fane-Smith’, Temate’, etc). For exaripte, if ‘w.’ and ‘w.2" are 

both workds, then the label w.l/w:2‘on some clais ieans ttiat the Word-ob ject ‘wl’ is in the 
class, relative to world wi. The use of ‘such labels is discusiad beloir, for now, it is first 
necessary to describe what a wortd-ob ject such as ‘w.l’ “reafly is* —- it is clearly not the same 
sort of thing as a person (e.g. ‘JaneSmith’) or'a sex fey. Temiaie’). Since a world is a 
“specification of some state of affaits (physical or metaphysical), in shice the CE universe 
models all information in terms of adsighing objects to clatses, it follows that a world “really 
is” such an assignment. Thése assignments need not be exhauitive ~ the world ‘w’ might 
assign ‘Jane-Smith’ to be in REGISTERED-VOTERS, ‘assign ‘John-Smith’ not to be in- 
_ REGISTERED-VOTERS, anid make no commitment one way or the other regarding 


i 
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“Mary-Smith’. ip he aa 


For consistency, with. material. to-be pyesented below, a world-object should, be 


viewed as represent 


wae 


pepanta”, Thay, if, warld 'y’ makes no 
| commitment regarding. the assignpent of ‘Mary Smith’ to REGISTERED-VOTERS, then 
__ the set which ‘w! represents. will contain, (as allowable assignments) both "Mary-Smnith is " 
REGISTERED-VOTERS" and "Mary-Siuth lg ngt io, REGISTERED-VOTERS.” In 
brief the world‘ allows both poapilte. Now that. viewing the gsignment-sets this way 


corresponds to the stronger world (in that it has fewer cases of allowing both possibilities). 
Now, having given some solidity to the rather philosophical concept of “world”, 

. consider again how world-tags are used in labels. A label reiates ‘in ob ject to a class -- the 
label “ex/w" on class 'C’ means that the ob ject x is contained in ‘C! relative to the world ‘w’. 
Another way of gang thi chat in word Wie Wr tat Win Now such thing 
20 be nested: Consider "ip work wt tue that nw. i true chat ig. in 10!" (A 
less awkward, but rather anthroporoorpis.way, af, putting. this ip wi believes that w.2 


_-polleyes, that, x” if in C.D, This nesting wil be represented by, using, the label. "xiw2iw4 


Gn G7 fhe Spied & 18 relative to workd ‘wt, wich is by tare seiptive be wt, Fhe mall 


point of this paragraph is that the work(-objects used to relativize objects in labels may 
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thernselves be relativized (to any depth), giving rise to arbitrarily long world-tags. 


__ Like other ob jepts, world-ob jects can be grouped into classes. By convention, such 


Se 
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world-class - for instance, in W-CATHOLIC-FAITH two world-ob jects might agrée off all 
assignments except those involving SAINT*PAUL'S-BLOOB-GROUP (ie. these two 
worlds assign Paul's blood’ group’ differently! “Since ‘Cathdlle Aogitia ‘takes’ ho position’ on 


what Paul’s blood group is, beth these world-ob jects are ddnsislént With the Catholic faith 
and thus beth belong in the world-class. Extensionally, WERTHOLIC-FAITH will 
contaiti a°gteat many such World-ob jects, differirig with'each’ other regatding’ inessential 
details. However, aif these’ world-ob jects will agree 64 those details which ae important in 


ig le irae 


* Catholic dogina ~ that a divine Christ’ existed, “that “was # Virgin, that the Pope is 


ON ae a ocr tee ae be Vpn Bs nt 
infallible, etc. | SEBo 


252° Intension 

As with other clasies, itis not necessary that the data-bese contain an exhaustive 
extensional listing of all the world-ob jects in a world-class in order for the workd-class to be 
useful intensionally. ‘For example, figure d-tbb states’ that ait worlds ot W-CATHOLIC- 


: FAITH are also worlds ot w-JOBEO-CHRISTIANEFAITHY (which 8 ‘meant to represent 


alll the beliefs. ‘held in common “among Judeo-Christian religions: ‘mlomathelsin, | ‘the Ten 
Commandments, ete) ‘Note’ that ‘the sinailer dan ‘tin’ ‘terms ‘of the the subclass’ Vonstvaliit in 
2-10b) is the stronger one tin terms.of what Is believed): The Cattione beliefs i include aif of 
‘Baneral way of looking at 


the general Judeo-Christian delief's, but not ‘conversely. ‘A mote 


Bor aby 


sient with the *Selief s* of the smaller 


this is that every situation twortd-Bb jets) which is 
(stronger) world-class must necessarily be conuistene with the beliets of the ‘farger (weaker) 


one. And indeed, a +w (or whatever) label’ can ‘propagate from ee sinatler class’to the 


larger via rile (pi). Noté that rhe use of “weaker” ‘aid * nideighy “ele twith regard to 
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._ Classes of . world-ob jects) parallels the above use of these texms-to describe, the assignment- 
. sets for. individual: workd-b jecta, ‘The. remaindes of ‘this section dea only with warld 
_ Classes assignment sets are taken up again in-section 36, 2s | 

Now, just as workd-tags are needed..in labels to ralativize them during inferences, 
some.constraint expression is needed. to,celativize.iafesmation.in the dasacbase. This 
constraint expression is the “world constrajnt,” the, network symbol for which .is shown in 
figure 210c. Its meaning is that ‘B' is a subclass of ‘A’,in exacaly those worlds which are in 
the world-class. "W’. (Segtion. 453 shows how, constraints in-addition to:the subclass one can 
be relativized.) . | . 
A simple example using the world constraint is shown, in, figure 2-10d. This states 
that the Catholic faith: believes that Mary is a viggin. Mare formally, it states that every 
_ World, which is consistent with the Catholic faith is necessarily, one.of the worlds in which 
Mary is a virgin. The subclass constraint used in. 2-10 between. W-CATHOLIC-F AITH 
and W-VIRGIN-MARY is needed because there might be worlds.in. which Mary is a 
virgin but which are not consistent with the Catholic faith. (suchas. those worlds consistent 
with. Protestant faiths that assert the virginity of Mary but.deny the infallibility of the 
Pope). That is, the Catholic faith imposes lagager.coastmints. than juat the virginity of 
Mary. | 

The propagation rules for the world constraint are as shown in figure, 2-ll. The 
“le” at. the.end:of the workd-tags indicates that-the exact nature-of the rest. of the world-tag 
is unimportant-for these.rules, and that any “tail? may he uniferraly substituted for the "/...". 
The propagation rules are: 


(wi) If world.‘w! is contained in:‘W’, this means.by def inition.ef the world constraint that 
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“B’ is a subclass of ‘A’ (in world ‘w). “Therefore, if some object ‘xis contained: mB" (in 
> world 4"), the Object ‘x mver aieo be eohtained! in''A’ (iamotid WW) It Other Words, the «w 
“label on ‘W’ “enables” the subclass constraint: for all objects: witht wortd-tag: “w’, end this 
enabled subclass cortstraint optrates itt ential na ca a 
(w2) Similarly, the ‘enabled: sebelass ‘constraint ‘opersites i Ce‘ shitie’ mantier: as ‘rile {p2): 
_ Hf x/w ‘is not in the supérclags they it ‘can dive be Ii hie’ dabebéss 
it i explicitly disiBted by a’ -w tabet Or "W". 
can BS heel HPA active mariner (instedd of 


ip ce tinrs 


(w8)’ This rule apples Whani’a World 
~ Rather surprisingly, rach’ Wegative tir 
just passively refusing to. enable the subclass constraint, which. is what havifig’ tig label on 


Woes). Since the “w’ laiiel theans:thiat thi World W" ie Utads BM Het ‘a-stibclass of ‘A’, 


then there must ‘be‘sdtie. object frelative to S4)- whith eA" bat not t"A" As with 
“1s used.” In this cakel'the’geittated Gb/ject OUP ts Chtinedinadie Marin "AZ vin thee <gots2yw 
~ ‘label, “ind cohStrained trot ve tafe Bis trie “GOR: bess zi VRAAMPMLGESES oN oo: 
Re ee a ae ee oe 


rule (62), itis ridt Knowl? WHEN. extensional) objects 


ad 


 'subclass:of ‘A’ in that weetdies fiebs Ge Koes a8) oocee tes adnet Iaaesioys ow 
(wb) If *B' contatnsemactipsane ebjcte wort Ww’) and Jf akolpfbetas cbt ined:int ‘A’ 
(in world ‘w’), then ‘A’ contains. all of ‘B’ (in ‘w’). Thus ‘B’ is known to be a subclais of ‘A’ 
Fn world ‘wi. reads ad aye Gnionenes Bbw org wt ial halisyeciig sa Y 

Figure 212 deoepian Inferenite: ating: sorme'of; Chess rues: The taak iv to-show 
_ that in ail wortds whefe Daa subelbai ot "Qi: thee inom wet "PO mt ‘be: @ subélass 
of ‘Q’. Although it seems trivial, this example does show fiew"the propagation riles 


interact: “WA! is the wovld-ethes for the?fina”P 44 a \Subviags UF QQ” and “WB ts the world- 


a) 


class for.the second one. The task is new to show that every. world in:"WA’ is abcess in 
"WB! (ie. that ‘WA’ is-a.subslass of WB). As sexgribed. in section b4,the usual manner of 

doing this is to assume that."WA’ is not a:subcines of "WB..: Tien: some.ob ject ‘x’ is in "WA’ 
| and notin ‘WB’ (and. its workd-tag is ‘inf” since i is starting the inference). .After -the user 
-.. sets Up this initia} jabeting the inference: procedure can start. propagating. The +x/inf on 
‘WA’ can do nothing far-the moment, but the «x/ief on WB’ en... Rule (w3) is activated: by 
- it and thus can create the generated-objject Inbels which assert that: WA is neta subclass of 
‘WB’. Then rule (wi) can propagate the generated .“+" label through the enabled. left-hand 
world constraint, causing a collision at point ‘Q! which iedicares am inconsistency. Note that 
. Tule(w2) could have;been used instead Pram nb whch would have caused 
a collision at anit P’. 


(28 ‘The Typical-Member, Constraint. | oo ee ae 
This constraint allows the data-base to. make.use of; a ‘typical rember” of a class. 
Consider representing the information. that. “each person has a unique mother.” It is, easy 
enough to. state for. any. particular person such at, Jane Smith tint she has a unique mother 
~~ this is. shown in figure 218a. Thus.one way to repre “ench person has a unique 
mother" would be te,create a structure similar Jp figure 2tiu: far: each individual person. 
Needles to my, vaing thls approach is very expensive if share apy more thas at a few 
individual persons, and it has the added diedvannge of requiring complete extensional 

information concerning al.the members of the chs PERSONS. 

What the tppicabmember constraint altpws.is she abilny 10 sate that the typical 
person has-a unique mother, Note.that “ayplcal! it goed here in the, sanae of “archetype” 


and not in the sense-of “usual® — all persons have @-unique mother, nat just rrost of them. 
The network symbot for simple’ version of ithe ‘typicatanemiber ‘tor: “i-m"} constraint is 
shown in ‘figure 248. This tad thre abject ‘db /' is ‘a typioM meniver of the class CL’. 
This constraint is used: in Figuwe 245c to state that “every peteenshas‘a umique'mother.” In 
‘the following-text, the point ‘CL’ willbe referred to°ds che “input class” of the t-m 
constraint, and the point“objwill:be referred-to-as the “tm diject™; 
Intuitively, the-t-m ‘constraint should have the fothewiing:techa vier: When some 

"+" label (such a3 +p/w)-occars'on the input. class; it:is knoe that “p’ isin that: class. 
Therefore, what is. true of the typical -mentber must'be twee of ps ‘Prevefore, the-t-m abject 
can be "bound to” ip’ by-piiting an’ =p/w-labet on the tn object ‘T'Het this «p/w can cause 
further propagations. 

The one problem with this behavior is that goly eng abject can be bound to the 
t-rn object at any given time. Violating this restricthom <n cassie Sebene pudbleite: For one 
thing, if ‘pl’ and “p.2” are beth ‘nthe’ input class fas indicatid By heving' Both op.liw and 
+p.2/w labels‘or the input class-fotnt); then binding them’ both th the tH abe 
ne ‘gi Gb jects in the 
input class would :be-simuttawecuslyidentified-with the tm: objet: ' Furtterthore, in: figure 


it the same 


are 


time would imply’ that they are’ both the saine ob ject! “To'a-siataretanier, 
2-18c ‘the-mother’ is obviously not the ‘same (extensional) ob Jett for every‘ person: it too 
must be “bound” ih Some manner?’ SE QQ ED ca 
Although: the “ghe binding: at-a-time” restriction avoids ‘these ‘protilems,~it has its 
own difficulties. The most obvious 4 that it may te necessary te-refer two:(or more) 
different members of the input class during a‘single inference? Another difficulty is that 


some facility is needed’ for “erasing” all thé corisequenees of One Binding: (He--all the tabels 


$7 
_ which that binding caysed to be propagated) before performing the next binding. . 
One way to solve this “erasing” problem: is to tag-all the fabels‘which propagate as 
a consequence of ‘atts particular binding. - Thee: it. would be a: simple matter. to ‘identify 
which labels should be.erased; since these labels. would ba the anes: with. the tag. The most 
stvaightfonward a to implement. such tagging is in.terms of the existing world mechanism 
-- each different binding.can be tagged with.a unique (newly generated) world-tag. Indeed, 
_ if this world-tagging is. done then it-is:no longer necessary. to keep the “one. binding ata 
time’! restriction at all. For example, the above. apkiand. p2dabels which come £ rom 
different bindings. (at the same time) can not interact with each other -petause :they. will 
have different workdstags ~ they.will be something lye wpiw20% and @p.2/w2035. Thus it 
turns out:that the tene-binding ata time” restriction can be replaced: bya “one binding per 
world" technique, which avoids the difficulties. caused .by.the sequential nature of “one 
“binding at atimete: 2 5 ? 
| To. properly: implement “one binding jee world” it is-necessary for the inference 
process to keep a record of which. “parent” ‘world. each binding’s. world-tag relates ta. That 
is, if sp.l/w on PERSONS causes a binding of =piw20% to ‘the-person’, then it is necessary 
to remember that ‘w20S¢4" is really just a copy of ‘w’, with the additional restriction that 
‘the-person’ is.bound:to.‘p.l’. This being the case, ‘w2034' Jabels should be allowed to 
interact with ‘w’ ones, even though ‘w2084’ can not. interact with other werlds in general. 
(In particular, ‘w2034' must .not-be ‘allowed to interact. with worlds .which icactasini other 
bindings of ‘the-person’)- 
- More-formally, ‘w203¢’ is a stronger world than ‘w’ -- 'w2034’ disallows the 


assignment of anything other than ‘p.! to ‘the-person’. This being the case, the stronger 
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world-tag may be validly substituted: for the ‘weaker one. ‘Fhis is. vatid because‘if an 
assignment-is forced: in the wenker world: (as indicated :by the:presente of a label with that 


world-tag), then the same assignment: must be forced in the:stronger world (since this world 


- allows fewer arbitrary amignivents). Since the: sasighment iy-féréed in'the stronger world, 
that fact may be indicated vie a label: with the ‘stronger world-as its worlditag. For an 
example of this, in figure 2-18d the >x/w of ‘BY and the:-x/w2084:0n ‘C’ can-interact (via 
rule p¢) to propagate'a -x/w2084to ‘A’ if ‘w2084! is stronger than“‘w’. “This frappens 
because the -x/w can have -«/w203¢ subitituted for:it, aHich ‘allows ‘tule (p4) to propagate 
the -x/w208¢ to ‘A’. | | ; : aan 
__.$ineet-# goniwaions may be nested (asin a examele below), ‘the process of 
‘generating 4. stronger wotld for ‘each: binding cai give'rheety-« metkitayer tree of worlds. 
Tt is-a tree and net ~jast'&: linear ‘Ctnity: because a’ lrigle patent werkt ‘cah’give rise to rfany 
different binding-warlds:. Figure 2413 shows the (one‘layer) tre¢ fot thé ‘example above, in 
~ which’ wise" and .‘w2085" are ‘both ‘bindings: treated Fett SA: Bee existence of ‘nesting 
fetes: of duigtti, a given. World in the 
tree te stronger'than ‘all the workis "Sbdee” itin-the tee WE its: peireht: Re patert’s par 


- allows such trees'te’ be mone‘ttert: cne-tayer deep: Re 


ete) oe Sabor, foe be BB ies sae TARE. gelbuld eo e | 
As an-exarmple-of' reiting; sf p.1h#2094' label odcurs on‘ the inprut-<class ‘of some 
other tm: ‘constraint, then that constraint tin propagate winding ‘Of (for example) 
=p.1/w2087, where W087 4s-a-new:mgeld. Figure: 16 shewsthe: "Wott tree”. extended: by 
this new binding: The new world ‘w9087' has ‘w20u! as its: parenijaebietg en turn tine: ‘w! as 
its parent. In general, wort: seh ‘W208 is allowed :t0 teres ‘with: all the worlds 


. above it inthe tree. (here, ‘w2G04". anda’); because aill‘the: worlds ghove:a:given:one'are: just 


weaker versions of it (they lack one.or more bindings). twa ee 
Ope handle nesting properly, it is necessary to ke able to explicitly refer to 

the world-tags generated by the binding process. Figure 2-I%g shows.the full version of the 
t-m constraint. In addition to the input.class.and the tm-object, it has an “input world- 

class" (‘W-IN’) drawn “a the input class side, and an “output morkdsclass” (W -OUT') drawn 
| on the t-m object’s side. (The in and out world-classes may be.drawn.either abgve.or below 
the centerline of the t-m constraint symbol ~ they are distinguished .only by which side they 

are on.) The world-tags generated during. the binding pracgss-are put on,the W-OUT class 
# this is what makes it possible to. use these generated tags jin other constraints. W-IN 
exists primarily for efficiency — it acts asa “filter” in chat. an object. in the input class (such 
as indicated by p/w) willbe considered, for binding gnly.if “w' is in W-IN. That is, the 
meaning of the t-m constraint is that the t-m ob ject is typical of the input class relative to 
the worlds in the input world-class. If an input world-class is not. specified for a given use 
of the t-m constraint symbol, then it applies to all worlds (i. shere.is.no ptior “fikering.") 

The two label propagation rules for the t-m constraint are shown in figure 2-14: 

(tml) If an object is in the input class and the object's world-tag is.in-the input world-class, 
then @ binding can be created (as discussed. above), and the. binding’s. newly generated 
_ world is propagated to. the output world-class (if.any),.. The. binding's world is also. noted in 
the world tree. (The diagram shows the warld tree. both before and.after the. new 
binding.) If there is no input world-class, then, any. object.in-the-ieiput-class can be used to 
create a binding (regardless of the ob ject’s world-tag).- 
(tm2) This is the converse of (tml): If a, binding, does existy then,the ob ject. which is bound 
to the t-m object is necessarily id the input clays.and the wend, which caused the binding is 
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necessarily in the input world-class: The essétice of (tm2) lies in defining exactly when a 
binding does exist: ‘Referring’ to'Tigure 244 there are three conditions which must hold. 
‘The first is that some ob ject there x’) must be bound’ to’ the't-m ob ject. “The second is that 
the binding world (heré:‘w2 for ‘x’ mitit ‘be dn’ the output bid -@ass. “The thitd condition 
is that the world (here ‘w.l’) which “believes” that ‘w.2’ it in the ‘output world-class must be 
above ‘w.2’ in the world ‘trée (the dotted ‘tine between ‘w.” and ‘w.2’ in the world-tree 
diagram indicating’ that ‘w.P reed not be immediately above w2). That is wi’ must be a 
stronger version of. ‘w.l* tas created ‘by some Binding). ‘Faken ‘together, these three 


conditions define what'a bifiding is it can be seeti from the top half of figure 2-14 that 


Bey et ged 
Pdea “Fas 


the binding-worlds.”* he age eee gd gti Be Eee Ba Pe Aya eee F 


states that the clas of GRANDPARENTS cobtists of exactly those persons who have 
One one hand,’ WX is defined té be thé output’ world-class Tor’ the ‘ih’ Gonstraint invoiving 
(GRANDPARENTS: ‘Froth thit donstraint’ WX ‘contains exactly thse" worlds in which 
tthe-person’ id ‘beunid: to atic’ grandpliterit. On the other hand, WX is itso def ined to be 
the output world-class forthe! tri boristraint’ invetving THE-GRANDCHILDR EN. From 
this constraint, WX Gaintaing exaetty those worlds in which ‘the-granitchiid* is bound to one 
of the grandchildren (and hence THEOGRANDCHILDREN ‘is ‘not ‘ai empty class). Since 
the same output worldéctiss’ WX is Qxed- for both these tm ‘constraints, it means that Sees - 


world in which ‘the-gruhd¢hitt’ i béuhd ‘to one of THE-GRANDCHILDREN Is alio a 
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world in which ‘he-person’ is bound to one of the, GRANDPARENTS (and. vice-versa). 
Now, since THE-GRANDCHILBREN are in fact. constrained by the two binary 
relationship constraints to be the grandchildren of ‘the-person’,,it follows that ‘the-persan’ is 
_ bound to some grandparent in exactly those worlds in: which. the-person’.is bpund to some 
_ person who has a:non-empty class of granachideen: ce 

To see how this :-works in practice, the: middle.part. of, figure 2-15. contains the 
information that Jane Smith is a child.of Mary Smith. hisumieotie lower: part-of .2-15 
(below the. dotted line) represents. new information to be added. to-an existing -Gata-base 
{above the dotted line). This new information: stazes thas, ailly. Jones. isa child of Jane 
Smith. Now, from this new information, it should be possible to infer that Mary Smith is a 
“grandmother (even though that the new information sakes no-reference at all to. Mary 
Smith, and indeed the user who adds the. information, need net ayen know that. Mary Smith 
exists). = Peo Hage ~ 

The inference is started with a {0} -Billy-Jones/int label ‘on Billy- Jones, and. a 
{0} =Jane-Smith/inf e Jane-Smith. By step {4} there are labels on CHILDREN-OF 
stating that Jane is a child of Mary and that Billy isa child of Jane. At step {7} Mary is 
bound to ‘the-person’ (the typical member of PERSONS). From there, two applications of 
rule (bl) yield the fact at step {9} that Billy is one of THE-GRANDCHILDREN of Mary: 
(who is still bound to ‘the-person’). From this, Billy is bound to ‘the-grandchild’ at step {10}, 
and the binding world ‘w0002’ is put on the output world-class ‘WX’. This world interacts — 
with the existing binding of Mary to ‘the-person’ to jrepagate (via rule tm2) the 
+Mary-Smith label to GRANDPARENTS. Note that in order to apply (tm2), the 


=Mary-Smith/w0001 label on ‘the-person’ must be treated as though it were 
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=Mary-Smith/w0002 ~ this is legal because ‘w0002’ is stronger than ‘W000!’ and thus ‘w0002' 
world-tags can be substituted for ‘w0O0! ones (Refer ‘Back te figure 213d ‘for a simpler 
example of this kindof interaction.) 

| The conclusion. at step {If} is that Mary Smith is a grandmother in world ‘wO00!’. 
This means that Mary is a grandmother ‘in ‘inf", aiso: Consider: If Mary were not a 
grandmother in: ‘inf’, then # tabet- to that effect fie. -MarySenith/int) could be placed on 
GRANDPARENTS without‘arty inconsistency. However, such a labef can interact with the 
existing +Mary-Smith/wO00l (since ‘w000!" is xronger than ‘inf’ and can thus be substituted 
for it) to: cause‘an inconsistency. Thus Mary ts indeed’a grandimottier (in ‘inf’). To put this 
another way, the work \wO00r differs from ‘inf*only in the presence of sone additional | 
bindings. Therefore all iabete which do stot refet'to tele! bindings are ai valid in ‘inf as 
they are in ‘wOOOr. After all, ‘wood!’ is teally only a bookWeeping device used to prevent 
invalid interactions with other possible bindings of ‘the-person’, and is otherwise completely 


equivalent to ‘int’. 
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3 Using the Primitive Constraints | ow 

‘This section describes some of the useful non-primitive constraint expressions 
that can be constructed from the primitives of section 2. The structure of this section 
parallels that st ietian 2, so that (for example) section 3,1 describes.same uses of the 


primitive constraint introduced in section 21. 


8.1 Using the Partition Constraint | 
3.11 Taxonomies . 7 

The simples combination of par tition constraints involves arranging them in a 
taxonomic hierarchy such as figure 3-1. This allows a great saving. of space, since (for 
- example) it is not necessary to have an explicit spbclas constraint petween REDWOODS 
and PHYSICAL-OBJECTS it is implicit in the acictie of the tree. Indeed, if, ‘x’ is 
known to be a redwood (as indicated by “»x/..” ‘on REDWOODS), then x is-known to be 
a PHYSICAL-OBJECT {by applying rule pt four tings)... Hierarchical structures.such as 
figure S-l are used in many kinds of “semantic network” representations -- part two of. this 


document compares some of these with CE. 


31.2 Intersection and Union 7 _— : e . 
Taxonomies such as figure 3-1 have a highly disciplined. structure -- each class- 
point occurs at vi once as the superclass in some. partition sgnstraint and at most. once as 
a subclass in some other partition. By relaxing this digcipting somewhat it is possible to 
sepracint all of the Boolean functions (intertecon, ynion, coroplement, etc.) Intersection 


and union are treated here ~- complement is treated in 3.13. 
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Consider intersection: Given two classes " and ‘B’, it is deared 16 cauisin the 
class ‘C’ to contain: exactly those ob jects which are contained in both ‘A’ and 'B Figure 
$-2a is a first attempt at this. In'9-2a, Cis a “subclass of both ‘a’ and Bi, so every ob ect in 
‘C’ is necessarily in Both 'A’ and “B’ and is hence in the intersection. ‘Thus Ci is no larger 
_ then the intersection. However, 'C’ may bea ‘good deal sma smatler than the intersection ~- in 
the worst case, ‘C’ could be empty (in which c case all of ‘A’ would be in ‘Al’ and all of ‘B’ 
would be in ‘Bl’). What is necessary is to prevent ‘those ob j jects which belong in baa 
intersection ‘C’ from mistakenly ending up in ‘Al’ or ‘BI’. Now, if ‘ar. were constrained to 
be mutually exctusive with “B’ then ho ob ject in''A’ which is also in ca could end up in ‘ar 
Hence ‘C’ would’ have to contain alt the ob jects i in the’ intersection. “Figure ‘$2 adds this 
constraint that ‘Af be exclusive with "a is well as st ne that ‘Br be exclusive 
with ‘A’. 

Figure $2 does thdeet conwrain to contain all of the intersection: Af some 
object x’ is in both ‘A’ and’, then it should be possible to inter that 4 ts in °C’. That is, 
starting a +x fabet from beth ‘A’ and B should resutt ina x on er ‘Referring to $-2b, 
such a +x on ‘B’ would entail a -x on ‘Al’ by rule (pi Then the ox on ‘A’ and the “x on ‘AL 
would entail a +x on c by rute (p3), and we are done. 

Having represented the intersection rated: it turns out that the union function 
“comes for free. Consiier the claises ‘Ag and’ "BE in figure §-2b. “Ag contains all of ‘B’ 
plus alt of “A’ which i fot in ‘B’. That is to say, ‘A’ contains s exactly ‘a’ union ‘B’. 
Similarly, ‘B2 contains exactly “A uriion °B’. Since ‘A2’ and ‘By are ¢extensionally the same 
class, nothing it lost’ by using the same intensional class for them: Figure 3-2 does this and 


names the combined class. ‘D’. Thus in $2c the class" represents ‘the intersection of ‘a’ 
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and ‘B’, and the class ‘D’ represents their union... 

Since intersection and union occur fairly frequently, it can become awkward to 
have to repreatedly write out.copies of figure.3-2c, . As.a.more. convenient nojation, figures 
$-2d and 3-2e show the abbreviated network.symbols for, intersection and. union, 
respectively. One ways view them is as “macros” for the full srructure of figure 3-2c¢ -.in 
an implementation, the union. and intersection boxes would be expanded into the network 
of figure 3-2c, and that would be. what is stored in the data-base. 

Another way to view them is as “subyoutines” --.instead of being expanded, they 
can be implemented as new primitive constraints, which have a specified snput-output 
behavior (as determined by propagation sules) withou: any regard for what “fine structure” 
‘the boxes might have, Not.only.does this save, space (sigce, the hones are not expanded), it 
_ also sivas time during the inference process. the, specialized. propagation .rules for. the 
intersection box (for example) can operate directly ia. terms. of: the classes ‘A,B’, and ‘C’, 
_ without having to worry about the internal state, of such points.as ‘Al and. ‘BI’. Of. course, 
adding a new primitive constraint does increase, the complexity .af the inference pracess, in 
that it adds. more. propagation. rules. In general, the. decision, ‘5 ta, which non-primitive 
constraint expressions should be left as macros and which. should. be made into, primitives is 
a matter of implementation trade-offs For the purposes.of the rest,of section. 3, it suffices 
to note that just because some constraint expression is called “nonsprimitive’ Cin that it can 


be represented in terms of the primitive constraints) dees net mean that it must. be 


Pagaes 


expanded into a (possibly large) network of primitives.in an actual imple 


As an example, figures 3-3 and 3-4 show the propagatio 


n.rules.for the intersection 


and union “primitives”, respectively. The behavior represented-by each of these rules can 
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be derived from figure 32c (far the case of two inputs ‘A™and ‘BS’. For gerierality, the 
propagation rules are giver ‘in: terms of boxes-whieh cat’ ‘have more that two inputs — 
these Neway intersections and unions can be medeled ity termeofa cascade of two-way ones 


‘if -it is desired. to: reduce them: to. primitive paititiert ‘constraints: ‘The rules for union are 


shown in figure 3-3: 

(ul) If an object is in one of the inputs, ther it’ must be in’ the union: 

(u2) If an object is not. im the union, then it can not be it aia the! inputs: 

{u3) Tf an. ob ject is ir the unton and is ‘hot in all-but-one of the inputs, then it must be in 
the remaining input. | 

(ut) If an object: is not in any of the-inputs, then: it cea-not'be in. the untion. 


(ub) If the wlan. cenains exactly. one cli ject-and if thatcolbjett’ le, ot in: . 3 
inputs, then the remaining input reust ‘contaiy enuetty that Objet, 

Note that (ul) though (us) ane isomorphic ty {pl throtgit (pS), except that (pl) 
also makes use of the fact that the subchsses:ai¥disjoiné:” The nalts for intersection are 
duals of those-far ution. (ae tttghtbe expected): They ate shieown: itt fguite S42 
(il) If aw ob ject is net in. ane of the inputs, thén’ it. cait not Bee fee thi ‘taeatsection.. 

2) If an. ob ject is in-the intersection; then it must Be in'all the inputs. 

(i3) If an object is natin the vivitar sid id in all'butone ‘of the inputs, then it can not 
be in the remaining: iwput. | 

(4) If an object is in all-of the inputs, then it must bein the intersection. 

(i5) If an input contains exactly one ob ject, and. iftnat ob ject ia COritained. in‘all the other 


inputs, then the intersection must contain — that object: - 


Geta Res Ne ga se eS 


ee. 1) 


; 3.L3 Complement 7 saa aoe 

- .The complement of a class is defined as aenning dn the universe which is not 
in the class. Thus the way to represent it using a. partition. egnstraint is shown in figure 
$-5a -- If ‘T’ is “everything. in the. universe,” then. ‘B’ iy the.complement of ‘A’ (and 
conversely). This penaxes properly: If ‘x’ is.in‘A’,.then it can-not be. in. Be ‘by rule (pl); if 
‘x’ is not in ‘A’ then it must be ia.‘B’ nr Ap Hoes x ig in ‘TL... 


To constrain ‘T” properly, it;is. necessar: tp. sate that gyery. Class. is a subclass of 


‘T’. This can be done (rather wastefully) by having n- explicit; aubelass constraint between 
\, each class and ‘T’. It can’ be done less wastefully-by having an.explicit subclass:constraint 
from the tops of all taxonomies (such as PHYSIGAL-OBJECTS-in figure 9-1) to T’~ all 


the. other classes: in. the taxonomy. are then implicitly: classes, of..'T'.:-However, the real 


problem with.defining ‘T’ is that: for a. given, data-base;it, might be difficukt.to decide 
whether oF not all classes have indeed: been constrained to berCexpltet or impticit) subciasses 
_ Of ‘T’. In view ofthis, it seems: preferable.to make-sommplement.a new. pringitive: instead of 
a macro, Figure 3-5b gives the network symbol fer a accaumecn aids igure 3-5c shows: the 
two » obvious propagation rules: 
(cl) If an object is in one of the complementary classes.then it can.not be in the other. 
(c2) If an object is not in one of the complementary classes then it must be in the other. 

_ Note that given intersection and. complement it. is -passible to:datine afl of the 
_ Other Boolean functions. Thus (as sccuiluad ita ailen 2.1).t has peen.demonstrated that all 
Boolean functions can be represented. in terms.af the partition constraint. 

_ Figure 3-5d shows an example which, yses. all shree-of ,injersection,, union, and 


complement. Thea network to-the right of the dotted: line represents the facts that fortunate- 
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ones are either wise-ones or fucky-ones (or both), that unfortunate-ones are ail those that are 
not fortunate-ones, aiid that all uinfortunite-ones are unhappy-ones. Sappose that these 
facts already exist in the dita-baise, and @hat a usér withes to know if everyone who is both 


vad. 


“unlucky and unite is nidiessarliy uittappy’ “To pertieal whi Watbranc 


, the user constructs 
the network fragment to’the left of the dotted line: ‘Al fi the ‘class’ of uhwise-ones, 'A2’ is 


the class of unlucky-enes, and: ‘AS” is ‘the interss dtéort' of the two Ué'those that are both 


unwise and unlucky). To show that all'these it ‘As“are ieee Barly ushappy tie. that ‘A3’ is 
a subclass of UNHAPPY-ONES), ‘the initial hibettiig ‘or *ex*’on “AS” and *-x" on 
UNHAPPY-ONES fs ised! (as disdusted ‘in secticni 43) ft ae aii aes 
then the user knows that all imwise and’ winhicky anette indi Nhdipy” 


Front the’ initia on “A, ‘fale (i) propagate: Sie Bolte "Al anid ‘A. From 


‘these, rule (cl) propagates:-x to WISE-ONES ‘and: EUCKY-GNES." “Then rutte u4‘yields 


-x on FORTUNATE-ONES: "Fittn this; Fule (2) pradites' stb UNFORTUNATE- 


ONES, which rule (pl) finally propagates'as +k ott UNHAPPY-ONES:” This Cilides with 
in effect. proves one of DeMorgan's laws (specifically, en which are ‘not 


the initial -x ‘on UNMAPPY-ONES, indicating aiv in 


So easy to prove ift a 


3.2 Using the Ob ject Constraint: Distinct Objes a 

One issue that was not realfy resolved in‘ section 2.2 is that of distinct objects. In 
CE, there is no easy “syntactic” check for 0b ject equality (such as comparing paring print-rames) -- 
deciding whether Of hot two ob jects are equal can involve an arbitrarily complex inference. 


However, in most cases it’is possible’ to structure the data-base so'thaf the ob ject-equality 


inferences are very simple. 

The basic idea is to use a taxonomic hierarchy such as f igure 3-1 to structure the 
objects known to the data-base. That is, every known Ajstinet object wil} occur at the end 
of some branch of the taxonomy tree. For example, SEQUOLA-NAT'L-PARK'S- 
REDWOODS might be partitioned into abe classes, which represent, the known. distinct 
redwoods. Now, these, redwoods are knawn to be distinct among .themselyes. because. they 
are all subclasses of the same partition.(and hence are musually exclusive). Furthermore, 
each redwood is known to be distinct from all the non;redwoads pecause:at some. level in 
_ the tree there is a partition which. puts REDWOODS and the, class. containing the non- 
redwood object into distinct subclasses. For example, a given redwood. and a given 
bacterium are known. to.be distinct because of the partitioning of ANIMATE-OBJECTS. 
In, general, every object (at the end.of a branch dn.the taxonomy tree) is known. to be 
distinct from every other such object because at.some place above. ther is a partition 

_ constraint which piuts them into mutually exclusive classes: Thus when adding a new 
= ‘Sequoia National Park redwood (for example) ta the data-hase, it. dg only. necessary.to.make 
it explicitly distinct fram the other known Sequoia Nationa], Park redwoods 7 the hierarchy 
of exclusive partitions above it will insure that it is distinct from every other abject. in. the 


taxonomy. 


33 Using the Binary Relationship Constraint 
$3.1 ‘Transitive’Relations <9 - | 

If, for example, -a ‘database contains the information that Aristotle is taller then 
Plato and that Ptato te-tifler than “Socrates, chet it should be andy to infer that Aristotle is 
taller than Socrates. “This ts eusy' to’ do if everyone's height is known rhetrically (eg. Plato's 
height is 70 inches), ‘but it:ts ‘not so easy when ich’ Bomgflele’iaSebnatton ‘is not available. 
This section shows tow travtive ‘r@iutions such ‘as “hatter that” dan‘be efficiently handled 
within: the CE représentaticin ven’ in the absence of cothplete Maetrical information. 

‘The key to'doing this is thar even though Phito’s height might not be constrained 
in terms of a-metrical toval-ordering, it is constrained in ‘terths-of a ‘partial ordering ‘with 
respect to Aristotle's height ait Socrates’ height” Figure’s-Gd ttidws these constraints. The 
“stacking” of the binary ‘idkathicithtp ‘constraifits under HENGHT-OF is.a convenient 
re for avoiding ‘cresting fines ‘in the neowork diagram i sitnply feist that alf three 
constraints have HEIGHT“OF as their relation. The arrow+i tabélad! “height greater than” 


care meant 10 ‘represent ‘thie partial ordering the remaindat Ur’dhid aection is concerned 
with exactly how such ‘partial ‘orderings can be epiresentedl ii tebins" Bi the ‘existinig CE 
" primitives. | ‘i | : 
Since CE already handles the transitive relations “subciass-of" and "superclass of” 
in an efficient manner, the obvious thing to do is to represent “height greater than” in 
terms of these. That as, Aristotle's height will be known to be. greater than Plato's height 
because some Class associated with the former will be a superclass of (ie. greater than) some 
class associated with the latter. Since “superclass of” is reflexive (i.e. ‘A’ is a superclass of 


‘A’) and “height greater than” is not (Plato's height is not greater than Plato's height); this 


| ae ae s eo wl WP A che cae ig) pt ot site benacen ght 


a) 
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section first describes how to represent the reflexive partial ordering “height as. great as” 
(i.e. “height equal or greater than’), Then. a. technique 4or. representing "height strictly 
greater than” is described. | 

_ To represent “height. as. great as," a new bioary-relation HEIGHT-METRIG is 
needed.’ This maps from an individual height (eg, Plate’s-height)t0 the appropriate 
“metric height.” The metric height is a class such that.one individual height is as great as 
another individual height if and only if the former's metric height isa superclass of the 
latter's. All this is diagrammed in figure $-6b,.. (AMH’, "PMH',and SMH’ are the. metric 
heights for Aristotle, Plato, and Socrates, respectively.) Now, showing that Aristotle's -height 
is as great as Socrates’ reduces to showing that. SMH is a subclass of AMH, which is easy 
(just start a +x at SMH and apply: rule (pl) twice). of course, 2 well-designed user interface 
to a CE data-base would contain. “macros” 40 expand constructs sucth. a3 “A ip as tall as BY 
into: the appropriate GE. network —the-user need: not be aware-of- the Jow-level details 
involving metric heights. 

| The use of metric heights as in.$-6b does indeed: behave properly, but it is also 
helpful to have some. intuitive interpretation of -what:a class ‘suchas PMH. “really” contains. 
One such interpretation is to consider PMH. to-contain: as: ob ipnibe integers from 0 to 
some N. This number N then xan represent the. individual-height-in some arbitrary units 
(such. as inches). Under this interpretation, PMH would be the class of integers 0,1,...69,70 
- (since Plato's height is 70 inches).. Note-that the data-bate netd never. refer to these 
_ number-ob jects explicitly -- figure $-6b uses the partial orderttg imong”the lasses AM H, 
PMH, and SMH without-ever referring to the objects contained.in them. It is:clear that 


this interpretation for metric height classes satisfies the requirement that one such:class be a 
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superclass of another iff the former represents'a greater (or equal) individual height one 
sequerice 0,1,...,.N isa superclass of another one'0,..M iff M<N." 

Given this technique for representing "as great as it is'easy to extend it to 
represent “serie ghesewr ttre: ‘All thet i needed it: toiuse a strict’ version of “superclass.” 
For example, AMH it:s Stic’ superclats:of PME iff AMM Wa: superclass of PMH and. 
PMH is not a siperctass of AMES Theis if AMH Ws © supétttass of PMH and there is 
, priser Shits AMEP is still a 


some object which is: iv AMH' but not-PMH. Figure 88d ‘rep’ 
superclass of PMH, and AMH is kriown to contain at lest’‘one Ubject Chi’) Which is not 
contained in PMH. Similarly; PMH is a strict superctass of SMR” 

Now, even though it is easy enough to state tWe fact that Otie class is a strict 
‘superclass of another, ‘it-is-net so easy to infer such a Fact.” Sach a*"strict superclass” 
inference (nvolving:-AMH. and-PMH, for axa) ine ine tw eps. The first 
step is to determine that-AMH isindeed a miperdiass (not netéssiinlly's Hay of PMA Via-the 
usual procedure. (i.e. by starting-a'+x/inf .from PMH and agi: pon! AMET and then 
watching for-an inconsisncy).. The:second step: ts. <u: fied, some olijett-witich is in AMH 


and is not in PMH --such: "find" snferences nre-diequied iv 3 . 
It is-demportant to-nete that this entire dhicussion of trative. relations: has been 

in terms of the underlying :seemantica, and notin terme of thre’ user inderface.’For example, 
the user. interface 40 & OB database: might: Hows statements such as 
“aller-than(Aristotleptato} with.the inteetace expanding-this‘staternent into the network of 
figure &6b. The use of.such “macros”.is also discussed.’ in section. $42 ~ the important 
point is:that this document is concerned with demonstrating GE's fenctional capabilities, not 


with specifying a particular.syntax for the user interfaces: 0°. 


3.3.2 N-ary Relations 
Codd’s Relational Data-base scheme (Codd 1970} uses N-ary:relations: as its 
primitive construct. Section 6.21 in part two compares Codd’s system with: CE in more 
_ Getail -- this section briefly describes how N-ary relations can be represented in CE in terms 
of binary relations. An example N-ary selatiog is. the following for. persons: A person. has 
a name, a mother, a father, a sex, and a blogd-group. Thus, the relation tuple-for. jane 
Smith might be {Jane Smith", "Mary Smith", “Joe. Smith’, "female", "ab") .where the 
double-quotes indicate that the items in the tuple are chatacter-strings. 
One common way of representing N-ary. relations.in tacms.of, binary ones is to use 
a separate binary relation for each "slot" of the N-tuple. Figure 3-7a uses this technique to 
represent the above N-ary relation. In bit case, the binary. relations used for the 
individual slots are NAME-OF, -HAME-OF-MOTHER-OE, -NAME-OF-EATHER-OF, 
NAME-OF-SEX-OF, and NAM E-OF-BLOOD-GROUP-OF.. As.above, the double-quotes 
_ in $-7a. indicate character-strings: For example, the NAME-QF-MOTHER-OF Jane Smith 
is an object which is the character string "Mary. Smith". | 
Since CE can represent objects. (eg. people) directly. (and, not just in-terms of their 
names), it seems preferable to use a binary relation MOTHER-OF (which. relates.a person 
to the ob ject which is their mother) instead of. _NAME-OF-MOTHER-OF. Figure 3-7b 
does this for all the binary relations in 3-7a except. for NAME-OF, which-is still a character 


String. 


8.4 Using the ‘iveas Constraint 
3.4.1 Total Relations 

Section 2.4 shows how ithe inverse constraint cai be used with the binary 
relationship constraint’ to: stave that every ob ject iv the dédisin: of the relationship is indeed 
related.to some olject in the range: For example, figure 24a states that every person has a 
sex. The construct used’ in 2-92 occurs suffieientty oftert td deserve’its own symbol: Figure 
$-8a shows this symbot for x “total’ binary refatidnzhip” and’ 3-86 shows: what the symbol 
means. As in section 9.1; this $ymibot can be either 4 “inucro” for 3-86, or it can be a new 
primitive (if implementation circumstances warrant it). 

ssh 

3.4.2 Quantification 

‘Figure 2-18 shows how the class of GRANDPARENTS can be defined. by using 
the typicat-member constraint. As caty-be sete: thd tt a rather ‘Gimplicated definition, and 
- the t-m constraine itself seems more complex than the otfier’ oitistraints discussed in this 
document. In view of tivese comptenities, it is fornitiatethat inimy instances of such 
"quantification can be accemptishell siinply in ternis of binary Tetiionyhijy constraints and 

For example, figure 3-6 gives a much simpler definition of GRANDPARENTS 
in terms of PERSONS ant: CHILDREN-OF: A grandparene 8 int ob pct’ which has a 
child which has a child which is a person. Of course, the class. ‘B.I’ represents the relation 
PARENTS-OF (the inverse of CHILDREN-OF), so another prose translation of figure 
' $-8c is that grandparents are the parents of parents of persons. In any case, 3-8 is certainly 


much simpler than 2-18. Section 536 in part two discusses more about CE’s quantification 


mechanisms and how they relate to the corresponding. mechanisms of other representations. 


85 _ Using the World Constraint ee te 

3.5.1 Hierarchical Contexts. 

| Section 2.5 mentioned that worlds can be used to, represent a particular “point of 
view" of some see of the data-base. -For_example, let, W-JANE:SMITH, be a world-class 
which represents all the worlds which. are consistent with what Jane Smith (a user) believes. 


Then figure 3-9 represents the informatie 


ation. that Jane Smith. believes shat all draft evaders 
are criminals. That is, Jane Smith's “view" of the data-base includes this information. 
This becomes relevant when Jane. Smith initiates some inference involving the class 
CRIMINALS = from her point of view that clags includes draft evaders, while from, some 
__ other user's point of view it might.not. ae ae 

When performing such an inference, it is necessary for,the information attached 
__ to W-JANE-SMITH to be somehow “enabled”, for. the. duration. of the inference ina 
manner which does not conflict with. other user's paints-of -kiew. To do this, a sint label 
- 48 started from W-JANE-SMITH as-part of the initia) labeling... This «inf oe then 
propagate to, classes such as ‘W.23, which, enables the appropriate information. This is 
indeed the desired behavior. As for what,the. sinf. abel. "means’, putting. ‘inf’ in the class 
W-JANE-SMITH means shat ‘nts one of the wockds consist 


with Jane Smith's beliefs. 

That is, what Jane Smith believes is considered ta-be true for,the duration of, current 

inference. - 
Now, Glasses. such as W-JANE-SMITH. can of ten he structured within a 
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bate agency of some department: of an organization. So“Jane Smith’ has her own: private 
view of the data-base, which is a specialization of the view taken by the project as a whole, 
which in turn isa specialization of the view taken by the group 43a’ whole; etc. Such a 
hierarchy is shown in figure $-9b. Note that there may be ottit? branched’ Inthe hierarchy 
(forming a tree) -- the project might -haVe users in addition’ to Jarie who have private 
views, the group might have other projects, and so forth, 

The hierarchy in figure ‘5-00 is tineant td paral the Tortial organtivation chart 


for Jane's aoe Responsibitity: for changing’ the dat af the various levels can be 


given to administrators at rhose'Tevets. This ‘way, policy decisions ‘nidde at the agency level 
(for example) can be reflected’ as ‘inforttiation in ‘the agency-level View, ‘which automatically 
becomes part of evéry view Below it in’ the hieraichy.” In’ pierce “any loveltevel ‘view 
inconsistencies t appear duririg’ inferences Using that lower view. “In'the process of tracing 


which is inconsistent with the (updated) agency-level view Will’ thulse Bee ae 


this down (debugying ‘the daca:“as"it wefe), the indonladiency’ Bitwéen' the FowerHevel’ and 


agency-levet view wilt hopefutly’be “found: Having’ folitid Ghid iedalastedcy within ‘the 
organization, it is necestary to either reformulate thé agencp-tevel policy’ ks toeiot ‘conflict 


with lower levels; or to: fefidttiialate: Kivertevel “policy andl inforiitiol’ td'Be consistent with 
the view imposed from’ above: ‘The puint ‘of this pardgraph' 1s thér“asing’ an integrated 
ta-base withity an-etganivation fight’ provide’ powettut 


insure that the otgafvigation’s higher-level goals are ‘ih fact’ odie’ ‘with’ what is being 


vent tool Yor helping to 


done at lower levels. 


Another utes for herarchies such as $-9b is for privaty ahi! protection. Since the 


~ only way Jame Serith’s private view Wor exainptey tai’ be used ts fora: 'sinf “atiel-t0 be’ put 
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on the class-point W-JANE-SMITH, 4t follows: that. someone. without, access:to the class- 
point is also without access to Jane Smith's view. Thus. by controlling access to a limited set 
of class-points it is possible to control access to all the information attacked ta them, In this 
way, the security and privacy structure of the data-base san be made quite independent of 


the particular pieces of data to be stored within that structure. 


3.5.2 Naive Probability. 
This section shows how.a world-class hierarchy..can be used to handle qualified 
information, such as "It is likely that Jane Smith's. mather is Mary Smith," and “Most birds 
can fly.” The basic idea. is to set_up.an ordering such. as figure 8-9. The. categories. such 
as “very likely” represent a division of the probability. continuym into discete pieces. No 
_ attempt will be made here to assign exact numerical values to, shese:categories, and indeed 
they will not be used in a manner which supports standard probabilistic calculations. .For 
_ example, it turns put that the probability .in. this scheme. of "P. and Q’.is the minimum of 
the two individual probabilities, instead of being their product (under the assumption -that 
P and Qare indebendene: 

In any case, it is. necessary to explain. exactly what the classes in 3-9c mean and 
how they are to influence the behavior of the inference-process: Like other world-classes, 
the ones in 3-9c are used to enable various pieces-of information. In this case, a class 
Presumably enables information.of the approprisge. probability. For example, W-LIKELY 
might enable “Jane Smith's mother. is. Mary Smith,” which: weld mean:that it is likely that 
Jane Smith's mother is Mary Smith. Now, the classes. in 3-9¢ sepresent: the dif ferent levels 


of "reliability" which a user may-demand.of the data-base, That is, if: the user wants 
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answers-which are “certain,” then only the information enabled by the clats W-CERTAIN 
may be used in “deriving -sucte- ansivers. If the’ tiser’ iy wittinig’'to ‘accept “utmost certain” 
answers, then the inférmatton enabled by W-ALMOST-CER TAIN can be used in addition 
to the W-CERTAIN: information. ‘In general, if the user demands a particular’ level of 
reliability, then only information which is at’ least that Tewble thay be uted during the 
inference process. 

Thus the general strategy is for the user to pick a‘relidbitity level (such as 
W-ALMOST-CERTAIN) and: statt’a® sinf’ tabet from ‘that“class’ ‘This sinf will then 
enable all of the information attached to that level “and will its propagate to all higher 
levels (such as W-CERTAIN), enabling this information too. Ihetdentaffy: this shows why 
the probability of °P and Q" is the'miniinum of the individual probutitities: “P and Q" is 
inferable when beth P and Q are enabled, whicl pects When the least provable one is 
enabied. 

es Now, some users might Hot want to be required:to ‘set tome’ reliability level before 
initiating any inference — inistead, they might like the datd-base“tt iia’ the miferénce and 


then tell them after it is done what its reliability level is. Tis -tatrbe accomplished in 


several ways. The. most drute-force 43 to first try: the inference with’ a vet yility level of 
“certain.” If that produces ao answer, then the riextMower retiability’can be tried. In 
general, the inference ‘cam’ bé ‘repieabed:- using’ soecessively over teliabitity levels until it 
produces an answer at:some level (assuming that 6 producer an ania at all). Then this 
answer: as the reliability ofthat level; which is the'hihest applithble ‘ohe ‘since the devels 
were tried sequentially, in decreasing: order. fe 


As with the t-m constraint, sueh sequentitt processing: cari be eliminated by using 
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_ More than one world ata time. In this case, the idea isto start a (different) world-ab ject 
label at every reliability level. Then the one with highest. reliability which. produces. an 
answer represents the reliability of that answer. A good way to implement such a multiple- 
label scheme is to use the pecldaie: mechanism introduced Lin, section $6. In this case,-the 
world-objects started from the classes W-CERTAIN, W-ALMQST-CERTAIN, etc, will be 
called ‘w-certain’, ‘w-almost-certain’, etc. Furthermore, these objects will be arranged in the 
world-tree in the manner of figure 3-9d. The great agvanage. of doing. this (instead of 
letting the different world-ob Jects act completely independently) is that the different worlds 
can interact: If for example a label with a world-tag of ‘w-almost-certain’ interacts with a 
label with a tag of ‘welikely’ at some constraint, then the resulting labels will propagate with 
tags of ‘w-likely’ (the “stronger” world -- see 28 fora fuller discussion of such interactions). 
Furthetinor, the resulting reliability of the entire inference can be seen. immediately by 
looking at the world-tag of the labels involved in the collision which ends the inference - 
the world-tag at the collision will be the reliability-level of the answer. Now, the details of 
the foregoing are not too important - the significant aspect of it is that sequential 
processing ("time") can be rather easily traded for multiple workds (“space”). 

Note that the probability mechanism of this, section can interact with the context © 
‘Mechanism of the previous one. For example, Jane Smith's data-base view might include 


“it is almost certain that draft evaders are criminals.” Figure 3-9e diagrams this -- Jane 


Smith’s view enables the attachment of “all draft-evaders are criminals” to the. “almost 
certain” reliability level. ; 
Also note that information which is not explicitly enabled by any world-class (via 


some world constraint) is always “enabled” (because it is not relativized). This means that 


"60. 


information which ts not attached to a reliability world-class ‘is ‘assumed t6 be maximally 
reliable, and that infdrmatiori‘riet attichied t0 a'“view" world -Clads is fait of ti-views. 
953. Retativizing Other Constrathts 
Since the world constraint isa telativized version of thi subclass constraint, it 
seems reasonable to ask why felativized versions of the other primitives conaraint have 
not been presented. The reason is that the relativized ‘subclass ‘constraint c can ‘be used to 
“insulate” any of the other: srinives such ‘that the primitive is accessible only in the 
constraint (which was copied from figure 4). Figure 4g robtivines ict the world class 
‘W': The twin world constrainits serve to “disconnect” one side of 3-5 crept for worlds in 
‘W’. The same technique can be used with a the ocher primitives. _ — 
There is, however, one real difference between the world constraint and 
relativized versions of other constraints. The world ora ——— “w" labels on its 
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world-class ‘by propagating labels whict deny that the subclass constraint hibids in world ‘w’. 


For more complex constraints, however, it is not ‘generally’ possible to find a pattern of 
labels which’ represents. ‘the denial of the’ constraint. This i is  ecktise these more complex 
constraints involve 4 ‘con junition of conditions —-'if the whale ing ae be denied, it is not 
problem — moit applications ‘of ielativived constraints Involve “2” labels (for'the purpose of 


. feugh pide: qi gies 
“enabling” the constraint in the specified worlds) and not “-" ones. For example, “-" labels 


play no necessary part in the Rierarchies deicribed above in S5i'and'35.2. © 
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$6 Using the T-M Conatraint _ Templates nak eonaaitg eh BAGS 
Binaiy: relationships, ech, one specityng one. pte wats individual (ie..one slet in 
the tuple) Now, it is not meaningful et to assign any pebitrary. abject as the value of 
some attribute - ~ presumably the MOTHER OF Jane. § Smith. must. -be A female. person, the 
SEX-OF 1 must one of the SEXES ‘male’ or ‘female’, 1M Theag constraints can be specified 
fr prions in general st shown in pre $10. Mano. pls of mor. 2 
have appeared setts as isolated fragments in preyious diagrams, - Sigure 3-10a begins to 
hint at the kind of rich interconnection which occurs in any non-trivial CE data-base. 

Figure 3-10a is an example of a “template”: It uses atm constraint to describe the 
typical person (ar whatever) in terms of its attributes. sigs that only one t-m constraint is 
needed in describing all the attributes. This is fortunate because t-m constraints are rather 
complex computationally and it would be burdensome to have to go through the 
computations separately for each attribute. Of course in a real data-base a person would 
have many more attributes, but one t-m constraint would still suffice for all.of them. 

As shown in $-I0a, the template only specifies the functionality (eg. one-to-one) 
and range (e.g. female persons) of the various ‘thine This could have been done 


(rather wastefully) by using a separate t-m constraint for each attribute, such as figure 2-13c 


does for MOTHER-OF. However, using only one t-m constraint as in $-I0a has the 


further advantage that it allows the specification of constraints between the attribute 
values. For example, presumably the-mother and the-father are married (ignoring 
complications such as illegitimacy ‘and divorce), and furthermore they are married only to 


each other (ignoring polygamy). Figure 3-l0b shows a network fragment which expresses 
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these constraints — the class-points ‘the-mother’ and the-father’ in 3-10 are meant to be the 
same ones as in 3-fa> Figure 3-106 also includes the general i ‘information that 


HUSBAND-OF and’ WIFE-OF aie ‘inversed: and defines SPOUSE-OF ir in terms of ther. 


$i vee at 
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' In summary, a ‘template for a class” provides & a general structure of « constraints 


Ls 


which must be satisbied | by ‘the ‘attributes of ‘ach ob ject in the class. “These constraints can 
involve ‘eithet Orie attribute or mare ‘than ‘one. ‘Siructtay a temple consists of its t-m 
coristraint, its relevant se ‘of ‘autributes (or "slots" and a network we coiaatraints which 1 must 


re 


hold. ‘among the values Of these attributes. 
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Part Two -- Epistemology, etc. 
. Having examined the detailed structure of the trees (in part one), it is Now. time to 


look at the forest. Section 4 briefly discusses why representation issues are important in the 


first place, and.divides the CE representation into four, more-or-less independent “layers.” 
Section 5 then discusses some of the representational issues appropriate to each layer. Using 
these issues, section 6 compares CE with other data-base and artificial-intelligence 


representations. 


4 Generalities 
41 Why are representational issues important? 

The representations used in an ‘nformation-processing system fundamentally 
affect the kinds of structures which can be built and the kinds of processes which can 
Operate on these structures. This is true even if two representations are in some sense 
equivalent ‘ the differences in their basic structures will still af Fest their ‘macroscopic 
behavior. For example, consider the difference between Roman and Arabic numerals. 
They are formally equivalent in that either can be used to represent any positive integer. 
| However, it is extremely difficult to do long division (for instance) using the Roman 
representation, much more difficult than if the Arabic representation is used. In this case, 
it is relatively safe to say that Arabic numerals are a “better” representation than Roman 
numerals -- the procedures for manipulating the Arabic ones are easier for humans to 
perform. 

If a difference of representation can have such a great. eff ect within the simple 


domain of arithmetic, it is not hard to imagine. the correspondingly greater effects such a 
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difference can have in more complex domains. One such demain is that of computer 
algorithms, and this domain has literally hundreds “of “different réptesentations (ie. the 
- various computer languages), ‘each of which ‘has some parthant who atelaim it to be the 
“best.” It is not the purpose of this document to engage in such a “language debate.” 
However, it often is instructive to ‘compare a fee repiiritatih ation with existing ones ifi ofder 
get a better grasp of ‘its strengths and weaknesses.” It ig With this in mind that’ section 6 


ca i 


compares CE with other representations. 


4.2 Why is the CE representation interesting? | 

This document makes three claims for the CE representations. “The first is that it 
has a great deal of expressive power - it is ‘safficiently rich to be able to 
represent a wide range of information. The second claim is that CE'has a firm formal 
Semantios -- this allows precise uavements to be made about the meaning and behavior 
of the various CE mprenens The nature of this semtantics is discussed in section 5. ‘The 
‘third claim is that CE has a high degree of modulatity fin several senses of the 
word) -- this allows various “parts” of the representation to be discussed without worrying 
too much about how they will eventuatly tit together into “wholes.” Also, this conaetity is 


largely responsible for CE’s + ability to make use of {pecan (discussed below). 


43 Modularity ~ Layered Decomposition 
The fact of CE’s modularity permeates this entire document: Section 1 discusses 
label-propagation without régard to how it will be: Gonstrained; ‘section 2 discusses the 


primitive constraints without regafd to the macro-structures which will be built out of them; 


and then section 3 discusses these macro-structures. Using this decomposition, it is possible 
_ to discuss CE in terms of four separate structural “ayers” They are: 
(i) The idea of label propagation ingenerah ee 
(2) The particular labels described in section 1.4.1; a oes 
(8) The particular primitive constraints described in terms of these labels, oa, 
(4) The particular macro-constraints made out of these primitives. 

Section 5 discusses the different representational issues, which, are appropriate to 


each of these layers. Having a layered d such. as this. makes a complex system 


much easier to understand: When studying. constructs, at qne. eye the constructs of the 
previous: layer can be. considered, to be “atomic” and. their fine-structure can be ignored. 
Indeed, Simon 01969) Proposes t that humans can understand coy ce complex. § systems only when they 
are layered in such a manner. = 

" Another advantage ¢ of a ayere aye is, that the upper layers can be modified 
or thrown away without disturbing the lower ones, Since creating each layer of the CE 


_ Fepresentation involved its own design decisions (some rather arbitrary), it is quite poss ible 


that someone else ‘might want: to create a similar system incorporating. different design 
decisis In doing this, the layers below the one to be changed. can be carried over intact 
| — it is not necessary to re-excavate the foundation in order to repaint the roof . For the 
. benefit of those who might be interested in making such changes, appendix D discusses 


_ alternatives to some of the design decisions which areembodied in this document. 


- 5 Some Representational Issues 

This section presents some general representational issues anid discusses CE’s 
position on them. Section 6 below below discusses other representations’ positions on these 
same issues. Section 5 often refers to “other rprecivaions ‘in fecal ‘without giving any 
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details -- these details can'be found in section 6. 

51° Issues relating to label-propagation in general 

5.1 Modularity — Relating “local” to “globa™ 
“Section 4.3 discusses one kind of modularity ~ the ability to decompose a complex 

~ system into more-ot-less ‘indépendent layers. ~ This section  considers’'a different kind of 

modularity, which allow’ complex information to be repréveniid in terms of more-or-less 

{ndependent chuibke of “oat” informstion.« New; all of the representations discussed below 


Fann 
their. haf ormatlon (however 


have this kind of ‘modularity to sore extent’ They:ail ; 
oe in terms-of e yeh opener eenetl ent "However, the 


another. It is this ‘intetaction’ whieh allows more “ger information to be built Kup ‘out of 


the chunks of’ "local" ‘inforthation”: re ae : ou 


This is an extremel’ siffiple channel — most other representations: we far more complex 


pall meaning ‘of a CE 


ones. The simplicity ‘of ‘dhe chanriel makes it ‘easy to ‘dettvibe the gi 
expression in terms of the local meanings of the primitive constraints -- one need not worry 
about possible complex interactions, since there are none. In general minimizing gratuitous 


interaction greatly pananeal the task of analyzing and/or synthesizing complex (“global”) 
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expressions in terms of simpler (“local”) ones. Many of the benefits of “structured 


programming,” for example, are due to exactly this kind of modularity. 


5.1.2 Logical Semantics 
The use of a simple interaction channel also allows the precise specification of 
what a representation’s primitives mean in the first place. That is, since all interactions 


occur through a well-understood channel, the only effect a primitive (or other) expression 


‘ 


can have is in terms of how it transmits and receives on that channel. Thus the complete 
meaning and behavior of a primitive can be specified in terms of its input-output 
inceractions with the channel. On the shee hand, if a representation uses a complex oe ill- 
defined channel, then it is usually impossibie to completely. specify a primitive’s input- 
output interactions. That is, it is not well-defined what the representation’s Primitives mean 
locally and how rey interact. | . | oe | 

Woods {1975] and Hayes [1974] both protest the fact that many representations do 
not have a precise semantics. This is not to say that representations without a logical 
semantics are “meaningless” -- they may work very well indeed on. certain kinds of 
examples. However, it is usually impossible to infer from the author's examples anything 
about how even minor changes in some detail will affect the global structure. Especially, it 
is difficult to see how far the representation can be extended to cover new examples. 
Another problem caused by the lack of a logical semantics is that it makes it very dif ficult 
to compare two representations -- if it is unclear what one (or both) really mean by some 
construct, then precise comparison of the two is impossible. ; ' 


Yet another problem is that lack of a formal semantics can encourage sloppy 
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thinking. For incense a primitive without a precise definition may end up being used in 
examples where its name seems appropriate, even though no real mechaniim is given for 
handling those examples. Woods [1975] and McDermott [1975] point out many cases of such 
“wishful mnemonics" and other kinds of sloppy formulation. To be sure, having a formal 
semantics does not make one immune from error, and for some representations the required 
formalization would take more effort than it would be worth. However, having a logical 


semantics is definitely an asset when trying to use, study, or extend a representation. 


5.1.3 Procedural Semantics 

A logical semantics tells what a given expression “means”; a procedural semantics 
tells how the expression “behaves.” Presumably, a representation exists for the purpose of 
its being used, so one is ultimately interested in how it behaves. In a representation such as 
CE which is based on label propagations, the logical semantics and the procedural 
semantics are tightly coupled: An expression’s meaning is defined in terms of how it 
interacts with various kinds of labels, and its behavior is determined by these interactioris. 

One advantage of having such a tight coupling is that it makes a ‘representation 
easier to use. Instead of having to keep in mind both the meaning of ‘the “data” (expressed 
in terms of the representation) and the behavior of some external procedure which accesses 
it (presumably expressed in some programming language), the data itself specifies both its 
meaning and the behavior of the accessing procedure. Of course the data might not be 
directly executable by some given piece of hardware, in which case a simulator is needed. 
Appendix B discusses three different possible implementations of CE -- one made of 


parallel hardware which executes the primitives directly, and two Which simulate this. 
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Another advantage of the tight coupling is that.it makes a sistem easier to debug. 
Since the accessing procedure operates in a manner. which parallels the seaiaiies a the 
data, the state of a procedure (in case of a crash, for instance) will be in semantically 
meaningful terms. In the case.of CE, the Inference, pragedutes sate can be defined as the 
states of all the class-points (in terms of what labels.are on them). Thus if there.is a crash, 
the inference procedure’s state will be easy to express in a semantically meaningful manner 
(eg. “the ob ject ‘x’ is known to be a person”), and things can be debugged on this level. 
Furthermore, it is the case that labels are never erased during an inference -- new-ones may 
. be put on a class-point, but none.may be removed. Thus.not only the current state but the 
complete history of previous states is available during debugging. Note that “error 
analysis” can be viewed as a high-level form of such debugging, wherein the “bug” is. some 
kind of inconsistency caused by bad data. In this case, the history of the relevant inference 
can be used to dearision the path of data-accesses that, led to, the inconsistency, which is 
necessary (although certainly not sufficient) for determining exactiy where along that path 


the erroneous datum lies. 
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5.2 Issues relating to CE’s particular labels 

The remarks in section 5.1 apply to any system which operates via label . 
propagation. The remarks in this section apply orily to systems ‘which use labels similar to 
the “sob j*, "-0bj*, and “sob j* labels of CE. Appendix D discusses a ‘similar labeling scheme 
using slightly different labels — most of the remarks itt this section apply to that scheme 


NN 


also. © 


5.2.1 Fregean Systems . 

CE (and ail the other representations discussed in this document) are “Fregean™ in 
that their universe consists of discrete objects and rifationships ‘among objects. In CE’'s 
case, this is 2 consequence of the fact that its labels are defined as relating discrete ob jects 
to classes of objects. The reason for mentioning all this héte is that there seem to be 
certain limitations om what Fregean systems cif represent. Hayes (1974) discusses this in 
more detail. One of his examples is “substance’: A substance (such as water) is usually not 
thought of as being composed of discrete objects. A pail (or drop, or ocean) of water seems 
to be a single distinguishable ob ject, but what of the water itself? It is the existence of such 
issues which indicate that the final answers to the representation probiem are by no means 
available (especially for sophisticated Artificial Intelligence applications). However, the 
State of the art is such that it does seem profitable to apply Al technology (such as CE) to 


the problems of data-bases. 
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5.2.2 Consistency Checking 

; CE’s labels are designed to faeilitate-consimency: checking. -rian inconsistency is 
_ detected iff a."-obj" Jabel collides with a."s0bj" {or Smgb j'):at some class-point.. Section 1.4 
shows that redundancy checking and oe answering. of pesteip-angitcis.can be. subsumed 
under consistency checking; appendix A shows how this can be extended to. “Find” 
questions. An important reakworld database application of suai -consitency checking is to 
_ Validate incoming data in terms of what is:already. known, - If am: inconsistency. is. detected, 
then something is. wrong and the appropriate actions should be taken (such as rejecting the 
bad data, re jecting it and leguing. a record of, the inconsistency, asking a human to correct 
it, or attempting some form of automatic efrer. apalysis.and correction). a 
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.. 82.3 Additions / Deletions {, Updates 


Using CE, checking the consistency of new data, with respect to the existing data- 

base is the way to validata-it before adding it to the datarbase. Sieene. representations which 
Ao not have a.consistemcy-checking procedure de,+however, have other means for handling 
. the addition of new data. Similarly, some representations, prey ide special.means for 
. handling deletions of existing data. An update, of ialarse: can ,be considered to be a 
deletion followed by an addition, so thoye represgntauons, which. handle additions and 
deletions can also handle updates. In addition, some csprsieniations havea: separate (more 
efficient) means for update processing. | 

CE does not provide any additional mechanisms for handling deletions (and 
hence updates). In. general, deleting a piece of hetwork from a CE data-base can nat 


possibly cause the remaining data to become inconsistent: Inconsistency is a state resulting 
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when “too much” is sat (in particular, when both an-assettion: and its negation occur), so 
defeting some: data from:an: exteing data-base (whieh, anthrepomerphierlly, makes the 
data-base know less) is safeoperation:: Nocerthint'déleetty the datuny “a” means that the 
data-base after: the:-deletion’ does: not know: “Qt! this! @oes fioe- mean tht ‘the data-base 
knows “not «.” oa Cobh iplrase (FAB . 

The ane:problue which xn: arise-doring «deletion ix that some data might be 
stored redundantly. For: example; the-dare-base might coritaia: beet “Jane-Smith ‘is in the 
class FEMALES" and: “the SEX-OF Jane-Omith: isYentite” @lorig. with the general 
information’ that FEMALES ts: exactly the tlass of objects whith’ has: sex: Of female’). In 
this case, deleting "Jie Simith is-in. the class: PEMALES" witt-not ‘caube’the data-base to 
forget the fact that Jane Smith is female —~ the undeleted redundant data will still. imply it. 
A degenerate case of this is. when the same datum #8 fepifebentelt twice ~ deleting one of the 
instances of: it obvieusly Fie’: effet onthe etter: Gb, wilt’ needed is: some manner of 
telling whertier a. deleted datum i: stl. impliad: bythe? ditasbmse: This is simply ordinary 
redundancy: ‘etecking:’ Tiemporurily-adé'the : 
is an inconsistency. i? theres, then the daxainse:-Withat t 7 


: “We Geleted datum atid’ see if there 


eed diturrr still implies it. 
Having ‘detected ‘this attomaly; one isin the Same sittdtion that occurs when an 
inconsistency’ is detectéd. turing’ the additicn’of ata‘ ~‘sevtie Clever program (or person) 


must be called to:determine'tiew to reslverhifigs: © 
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53 Issues relating to. GE's primitives . 
. 53.1 Logical Consistency 
The discussion of “consistency. checking” throughout this document has been 
. based on the supposition that. whenever a representation’s inference procedure. signals .an 
_ Anconsistency, then there is in fact inconsistent data in the. data-hase (such as having both 
“Jane Smith is in the class FEMALES" and “the SEX-OF Jane. Smith. is ‘male’’). . However, 
it might be the case that the inference procedure occasionally signals inconsistencies when 
there are in fact none. If the inference procedure can not be relied on, then the task. of 
consistency checking is made that much more difficult --,ip such cases, it is not clear 
whether a signaled jnegnslatengy. is really due. to inconsistent data. or is just an artifact of 
the inference procedure. Thus dt is useful to. be.able to show. that an inference procedure is 
“logically consistent” -- that it never signals spuriousinconsistencies, 

For representations with complex ad hoc inference. procedures, it is very difficult 
. (if, not impossible) to show that they are logically consistent. For CE, it is easy to 
demonstrate logical consistency because the behavior of the inference procedure is tightly 
coupled to the meanings of the CE primitives. Consider: All the inference procedure does 
is put labels on Classes. These labels represent assertions (by the inference procedure) about 
which extensional object are (and are not) 2 " various classes. Now,.a spurious 
inconsistency could be caused only by putting a “wrong” label on a_class (eg. putting a +x 
label on a class C when the data-base does nat anywhere imply that ‘x’ is in Cc). However, 
section 2 shows that the inference procedure only propagates, the “right” labels: For each 
primitive in section 2, its label-propagating behavior is directly derived from its meaning. 


Thus there is no place where a spurious inconsistency can be introduced. 


"4 


Note that a demonstration of logical consittericy requires three things: A logical 
semantics which describes what the representation means; a procedural semantics which 
describes how the infererive procedure behaives; and some form of" contrection ae the 
two to show that the behavior is in fact compatible with the rieaiing. “Phus it is Inipossible 
“to demonstrate the logical consistency of a representation Which does not have both a 


logical and a procedural sertantics. 


53.2 Logical Completeness | 

A representation can be said to be togically complete iff every possible 
inconsistency in the data can be found by the inference procedure (given enough time). It 
turns out that CE is not complete ~ a simple example is shown in figure St. Mere, it is clear 
that ‘A’ and ‘C’ contaii’ the same Objects (since buch ‘A’ and ‘C’ must contain exactly the 
same ob jects as ‘B’). However, it is not possible to derive an inconsistericy starting with the 
labeling that some ob ject ‘x’ is in ‘A’ but is not in ‘C’ ~'nond'oh the propagation rules can 
be applied. 

Now, all known complete inference procedures for sufficiently rich representations 
(eg. those containing at least the Boofean connectives) end up taking timé proportional to 
an exponential funetion of the size of the data-base being used. Indeed, Karp [1972] 
presents mathematical evidence to the effect that any complete ftiference procedure for any 


rately large ‘data-base, 


such representation fMust take exponential time. Thus for a imdc 
having a nae inference procedure is of se | no benefit untess one is paueus to 


wait a very very long time while it runs. 
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53.3 Practical Completeness oo ee eegaes 

Since logical. completeness is so impractical, the best that can be.hoped for is that 
a data representation be reasonably complete and efficient with respast_to the kinds of 
structures that are most commonly encountered in the data-base. Lacking any large-scale 
empirical evidence as to how CE and ather representations perform in practice, the issue of 
practical completeness can not be resolved; thus no .mention..is.made of. it in section 6. 
However, it is reasonable to say that CE. process certain “slemple” constructs (for humans) 
such as "all A are B ina computationally, simple. manner, and. that she degree of 
computational complexity involved in processing a CE. expression. correlates. reasonably well 
with the expression’s intuitive complexity. Whether of net this, is of any. importance 


remains to be.seen. 


5.3.4 “General” vs, "Specific" Information — 

A significant feature of CE is that the same.set of primitives is ‘used to reprasent 
both “general” and “specific” information. An example of general information is: "Every 
person has a unique sex, which is either female or male” (see figure.3-1Qa).. An example of 
.. Specific information is: “Janie Smith's sex. is fommate” (figure eta), Now, since the CE data 

representation and inference procedure make no built-in. distinctions between “general” and 
“specific,” the single infererice procedure can, detect al) of the. following .kinds, of 
inconsistencies: 
(I) Specific vs. General (or vice. versa): Some piece af. specific. data. is ‘inconsistent with the 
general information. For example, the specific information. that “Jane Smith's sex is Mary 


_ Smith" is inconsistent with the general information. that “every.person’s sex is,either male or 


7% 
female.” (Presumably the general information contains a taxonomy such as figure 3-1 


which has SEXES be iriutaatly exctusive with PHYSICAL-OB JECTS. Thus it is known 


that thé ob ject ‘Miary-Smith’ is hot one of the objects ‘male’ and female’) 


(2) ‘Specific vs. specific: Two pieces of specific data ate mutually inconsistent. For 


example, "Jane Smith’s sex is female” and “Jane Smith's sex is'‘male.” Each is consistent 


~ with the general informa ation, biit they are inconssisten tent with eachottier. 


(3) ‘General vs, generat:- Two ‘aspects ‘ofthe generat information ‘are mutually. ificonsistent. 


For example, the gerieral information might contain “aft draft evatiets are criminals” atong 


with “some draft evaders aré’Wetoes” and ho Heroes are criminals” Such'an inconsistency 


~ could arise {for instance) if the general information carhe'from different sources. | 


It is significant that the same procedure which detects incahitistélicies involving 
specific. information can also detect inconsistencies in the general information. For a given 


data consistency-checking application, this feature: makes: it” sighifica caritly easiet'to “debug” 


‘the general information which Isto be'used to’ check dhecintonttng: i aac 
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5.3:5 Incomplete ‘Information 


In ‘addition to ‘being wsefut fot consistency checking, zai the‘same primitives 


“for general and: specifie friformation facilitates the represe 


For example, one might have the’ ifforiiation tht “all atatt’ Whiddtsate criminals" without 
having an exhaustive list of all the draft evaders. In some representations, the orily way to 
state that “all draft’ evadders afeierititials’ 18 to take Sueti-a’list’off af dvaft evaders: anid to 
state individually for-each ne that’he'fs a ctitninal! Aise, thie cil) wily to aiitwer'the query 


“Ate all draft evaders crimitiati?” “is:t6'examine every individual GHatl evader th the data- 
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base and check if he is a criminal. It so happens that of all the tepresentations listed in 
section 6, the only ones that can both make statements and answer queries. about incomplete 


information are those which use the same primitives for general and specific. 


53.6 Quantification - Explicit, Implicit, and Sloppy 
For those representations which do represent both general and specific 
information in a similar manner, some means is needed for distinguishing. the two, For 
| example, “(HAS PERSON SEX)" might mean (in some. hypothetical, representation) that 
Some person has a sex, or that every person has a seX, or that all persons haye the same sex, 
etc,, etc. There seem to be three different techniques for handling the distinction. between 
“general” and “specific.” eee | 7 e 2 | 
The first is to explicitly differentiate the two by associating different quantifiers 
with each (or by associating a quantifier with one and leaving the other as unmarked). In 
CE, explicit “general” quantification. of ob jects ig provided via the typical-member 
- constraint (with all unquantified objects being “specific’)....In contrast to.this, mathematical 
logic provides explicit. quantifiers for both “general” and “specific” (i.e. "Vv" and "2", 
respectively). 
| The second technique is to use. primitives which involve implicit quantification. 
In CE, most primitives are defined in such a manner. that they can be applied to general 
classes as well as speci ic objects. In some sense, CE. only deais with general classes. + a 
contain exactly one object. To see the quantification implicit-in the primitives, consider 


figure 2-8a, which states that PARENTS-OF and CHILDREN-OF are inverses of each 
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other using one primitive constraint (and no explicit quantification). In mathematical logic 
(which makes all quantification explicit), the same thing would be written as: 
VxVy[PARENTS-OF(x,y) # CHILDREN-OF(y,x)1 ae 

The third technique for handling the distinction between sgeorel: and “specific” 
is to ignore it. This can lead to ambiguities such as ‘the above “HAS PERSON SEX).” 
This technique wilt be called “sloppy quantification.” Note that ‘only those representations 
which do not have a logical semantics fall prey to sloppy quantification -- having a 
semantics prevents one from ambiguously using such words as “has” ‘Woods [1975] and 
Hayes 11974] point’ dut several Kinds of sloppy quantification. Of course, those 
representations which do riot allow both general and specific information have no need for 


any sort of quantification in the first place. 


5.3.7 Worlds and States 

One major difference between-CE and other representations lies in CE’s use of 
the “world object” and world class" constructs. A work-ob ject represents a. (partiaily- 
_ Specified) state of the universe, and a world-class represents a collection of these. A 
Significant feature of CE is that it treats worlds as entities which can. be maniputated in the 
same manner as sirtipler ob jects. That is, workd-ob jects may ‘be quantif ied, may participate 
in binary relationships, and may in general be used in all the ways.that other ob jects can. 


Thus it is possible to reason about worlds in addition to reasoning “within” ¢ them. 


Appendix c shows how the uniformity of this ‘approach makes it relatively easy to reason 
using “knowledge about knowledge” (such as “Billy knows who jane Smith's real father is, 


and she doesn’t know that he knows") This may someday have applications for intelligence 


_ data-bases. 


54 Issues relating to CE’s non-primitive expressions, 
5.4.1 _ Representational Completeness | — akg ee 
The sections on “logical compleenest” and “practical comptes discuss, the 
completeness of the Inference procedure (in ferms, of how. thorough it isin finding 
-Inconsstencles)- This section dlacues a diferent srt of completeness: A,cepresenatign is 
_‘repreentationally complete" for a given appliaion if all.o¢ the data caquited for, the 
application can be. encoded. as strugtures ip. the repregquatign. This, Uke practical 
_ completeness, is difficult to judge in the absence of, 9 signif leant Amount of empirical 
evidence, and in any case it is relative to the paniciar application. One purpose of section 
3 is to show that various useful macro-structures can indeed be built gut af the CE 
__ Primitives. To recapitulate, the structures mentioned, jn sectian.$.are: faxqnomies, Boolean 
_, connectives, distinct r Jests, transitive relations, [Neary raiptions,..otal, relasions. inverse 
relations, hierarchical contexts, naive probability, and. templages...t would. take tao puch 
__ space jn section 6 ta comment on how. adequatgly. ¢gch of, sh. nentioned:represeotations 
handles all af these constructs —,only a few. will be mentiopedfor each. 


542 Procedural Attachment 
_ The constructs. from section §. which, afe listed. aka 

GF oon ot currently handle-but 

__.Which are important in some of the. other Tepresentations. disepanee Jin section, G...Qne of 


fairly well. In. addition, there are other consiructs, che 


these is “procedural attachment”: This allows, executable procedures.to.be attached to 
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various pieces of data in such a manner that accessing the data causes the appropriate 
Stocedures to be invoked. 

For example, some systems hahdle additions to the data-base by running 
procedures which are appropriate to the specific datum being added, and similarly for 
deletions and updates. This will be called “antecedent” processing, in that having the data 
(to be added or whatever) triggers the procedure. “(Another example is that procedures can 
be used to derive certain kinds of data during an ifiference ~ ae ihe appropriate data is 
"- computed by some procedure (using perhaps other data jin the data-base), instead of 
actually having the data be explicitly preserit. This will be died * doniequent” Processing, 


in that needing the data trigger the procedure. 


543 Events = | aid 

Another iniportant representational construtt which CE does not currently handle 
‘is the riotion of “events*: Simply put, an ‘eVent bbrrespondt 't6- sme chanige in the world 
' (Which might have to be’réftected as a'ctainyé to the data-base). Now, CE does have 
provisions for accomodating changes in the data-base (Jee section 523 on additions, 


esentation for the 


deletions, and updates). However, CE curréntly has no explicit raj 
meaning of an event. For example, a representation of the es “getting married” should 
presumably say ‘oehing about what must be true before the event cai tke place (eg. in 
"the USA the beings gétting married mit be’of different sénes, be of itikitiagéable age, and 
“not already be tnarried). fn-addition; an event's représentaciot'ihodid ‘spécity what changes 


"a3 & consequerice ‘of the event - for “getting niartied,” it is presumably necesiary to change 


the beings’ marital‘ seatus and to indicate that they are now spolises. © 


. 8 


One way of representing all this is ta represent an event as the difference 


between a “before” state and an “after” state. So the before-state of "getting married”, would 


specify the above preconditions (different sexes, etc.), and, the after-state would specify the 
postconditions (marital status is ‘married’, etc). Lat this be, called, the “static” approach for 
representing events, in that the event (which. consists.of two states and. a transition between 
them) is specified in terms of the two static states, and the nature of the transitjon is 


derived from this. 


i ' 


Another approach will be called the “dynamic” approach, In this one, the before- 
state and the transition are specified, and the after-state just follows as.a consequence of 
“doing” the transition to the before-state. The standard way,of doing this is to have. the 
transition be some procedure which is executed to transform: the before-state-into the after 
state. Since the static approach can also be said to. specify.a procedure (implicitly, in etn 
_ its effects on the before-state), the defining characteristic of the dynamic approach will be 
considered to be that the procedure which specifies the state-transition isa black box;, The 
structure of such a procedure is unimportant, since we are only interested in the effects it 
has in terms of transforming the before-state. 

This is hardly the place to enter a discussion of the philosophical nature of 
events and the “best” way to represent. them. However, it is. reasonable to include some 
discussion of the technical advantages and disadvantages of the static and. dynamic 
approaches. A major disadvantage of the static approach. has been termed the “frame 
problem” (McCarthy & Hayes 1969]: It is not sufficient to just specify the differences 
between the before and after states -- it is also necessary. to somehow specify that nothing 


else changes (unless perhaps it is a necessary consequence of the specified changes).. For 
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example, getting married presumably does ‘not change a person’s sex (or parents, or blood 
group ~ the list of what does hndt change ‘is cleatty too huge to explicitly enumerate). 

The dynamic approach does not have this difficulty since the transition 
procedure presumably knows exactly what aspects of the before-state to change, and 
anything it does not touch ‘is ipso facto ‘unchanged Héwevet; the black-box nature of the 
procedure makes it much more difficult to reason about events (as opposed to just 
performing them). For example, using the dynamic approach it is impossible to decide if a 
given after-state could have resulted from a given ‘everit ~ it is not possible to run the 
~ event's black-box procedure “backwards” in’an attempt to derive a before-state which could 
have produced the given aftet-state. | 

Given that the two approaches are good for two different things, an obvious 


solution is to have both. The problem with this is that it‘is not generally possible 


~ (currently) to show that’a giveri transition proceduire cotrectly imple nents ‘a given static 
description. That is, it is quité possible that ‘the dynamié descfiption’and the static 
description of purportedly the same event are not ir’ fact équivalent. To insure this 


tis (D see if the ‘dynamic 


equivalence, one either needs a powerful procedure-analysis tethnig 


1° prdced dure-synthesis 


description does indeed satisfy ‘the static one) or an’ equaily power! 
technique (to derive the dynamic description’ yiven the static ohé). ‘Both Uf these are quite 


beyond the current state of the art. 


5.4.4 Arithmetic 
One concept which the current formulation of CE has a great deal of trouble 


with is that of “number.” It is possible (but quite unwieldy) to’ expteis number’ in terms of 
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cardinalities of classes, such as is done in certain axiomatic forrgylaionsafapkthmyeti. It is 
abso possible to. formalize atithmetic, yping the. notion. Spsenor fa indone in Peano's 
axioms)... Either, of, He. ermal approach hase adnanbage af heiee ute unnatural 
fOr, most. humanedand.most.existing.datarbesn). iis ie Bahia 
‘dle “addition tothe “Lormeal’ SPPLOREH Je. arihmnetl AREER, is the ‘ocaul 
a, approach... Many repananuntions handle: arishenete:e.waing sepsilaned prosadures fo: the 
__ Mibhmetip, 9perailonty,,Us s0.the. general gency :06, black dex’. procedures, these 
» Teprasentations {ind ieait ficult if pot ipenibielsesnensen phous arikhmetic. Bet of 
Sau sugh satan do net; hawe.to.> Gos sheis anplienians Whey oniisniesd #9, reason. using 
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6 Some Representations 
The: section: discusses ‘several’ represetitations’ in: termit’ of the issues: presented in 


ations in great detail -- 


section 5. No attempt is: riade-to explain’ che diffeiént-reph 
anyone desiring such details. should. cofisult (ve: bibifagraphy”’ The representations 
considered here are chosen from those concefied with Gata-bnses! (DBTO; Todd's relational 
model), mathematical: logic {ftrst-order: prédicate calealas), cognitive’ sttvatation (Quillian’s 
"semantic fiemoryi, and- artificial’ intelligence (Pharivier-tike tang udiges,” semantic: fretworks). 
” This is.a: reasonably representative sitnpe; bat It ignores som of the newer idfeas, especially 
“those which currently lack sufftelently concréte’ documentation {2g MERLIN [Moore & 


Newell 1974), and “frames” (Winograd 1975). 


6.1 An Aside: “Assertions” vs. “Networks” | 

Before proceeding with individual discussions. of: each of the above 
representations, it is instructive to group them into two broad classes:. those which represent 
data in terms of: “assertions” and those which use “networks.” Syntactically, the difference 
-between the two is obvious: Network representations (such. as CE) encode their data in 
some kind of graphical network, while assertional representation’: prefer a linear notation. 
For example, figure 2-4a:is a: network representation for “the sex of Jane Smith is female.” 
A corresponding assertional representation might be “(SEX-OF Jane-Smith female)”. In 
general, tokens which. appear in assertional notations correspond to points (often called 
“nodes”) in network ones. In.addition, expressions ‘nested within saieiead ae correspond 
to network points. For example, an alternative assertional represennaiion for figure 2-4a is 


“female = (SEX-OF Jane-Smith)": Here, SEX-OF is a function: and the result of the 


function is represented by the whole expression "(SEX-QF. Jane-Smith)’, a 
Given this kind of rather direct spsee correspondence. between assertional and 
network notations, it. is perhaps tempting to say that the only. Aifterence, Setween them is-the 
syntax used, and that there is no reason. other than persepal. taste. for. preferring one to the 
other. indeed, when "network" information. is entered into a computer. the network is 
| iain fist encoded ‘into some linear notation, which, ine, computer. can. easily read. For 
steel dud various + parts of CE have been | implemented. in Lise, which requires that 


everything & be oe as parenthesized. expressions. Then, again. a. sommpon notation for 


LISP itself involves drawing the ‘parenthesized | ex o2 networks! > see. figure: 6-1. 


Thus it is see that any neework can be recoded asp set of assertions, and vice-versa. 
However, ne is more than, a STROH. difference. between. networks. and 


assertions hel: it comes to procesing them. | 


Fk. Rosations He -elunl connectivity: to 
emphasize the | local connections t s between things, and thus are. ord far cepresentations such 
as CE which h operate on the basis of tracing through, such . SnNeTtLANS. {In the case of CE, 


the local « connections provide tl the paths along which labe 


$ propagate, and. there. is ao other 
kind of processing). Assertional notations, on the other hand, emphasize. the’ syntactic 
patterns of the expressions ~~ they are usually processed via some king. of pattern matching 
| which compares twe whole expressions: at one cine Unstead, of paving to do. it.in.terms of 
local connections). Of courte, at some level the pattern matcher must use. “local connectiqns” 
(eg. the fact that two tokens are equal), but the ser. is not. concerned with this level of 

detail. | eae 
Thus in the discussion which follows, systems will be called “network-based” if 


they process information in terms of local connections, and “assertion-based” if thay.use.the 
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rather more “global” connections provided by pattern-matching. | 


6.2 Assertion-based systems: - 
6.2.1 Codd’s Relational Data Model [coda 1970) 
The primitive constract in Codd’s representation is the flat N- uate and a 


relation is a class of such N-tuples (just as in CE a binary relation is extenslonally a class of 


2-tuptes), The "slots" in each tuple ‘contain atomic values (such as character srings or - 
numbers) -- they: do not point to other tuples. ‘Tip a are scored v via panern matching = 
the standard accessing ‘operation is to create a new relation consisting ‘of all tuples in an- 
existing relation (or cross-product of relations) which match a given pattern, The user 
interface to a relational data-base consists of a high- -level query language,» which gets 
compifed (or interpreted) into a series of pattern-match requests. | 

The logical semantics for this system is the "relational algebra” which describes 
how relations may be meaningfully subsetted, projected, e ete. . The procedural semantics is 
embodied in the pattérn-matcher which imiplements thete operations. Thus there isa 
reasonably close coupling between the logical and procedural semantics. = 

‘As fer consistency checking, this an area of current atch Much of this 
research is devoted to developing additional cdiisiesintisbs WR can be used alongside 
the tuples. One reason that some other representation: is needed is thet the ruples 
themselves deal only ‘with “value” objects such a numbers and strings ~ ‘there is no direct 
way to refer to real-word ob jects (such as persons). | 

When performing additions, deletions, or updates, it is necessary a do special 


processing to insure that the assumptions of the relational algebra are not violated. For 


87 


example, during additions it is necessary to check thatthe tuple. to be added does not 
_duplicate one that is already ther, During, deletions Jf i, peceasary to, ako delete those 
tuples which “depend on” the one being deleted, (The notion of. “depend on” actually turns 
Out to be quite complex, and is a topic of curtenhresearch jipterem) 9... - 

It is easy to shaw that Codes schenyp Js Jgicallycomastantsand. complete. It is 


eee | 


in the pattern matcher) is a 


consistent because the procedural semantics (as implements 


), ,QF course, it may be, very 


direct reflection of the logical semanic (the relational aged 
difficute to show that a given ieicasticn of a pattern matcher correcly implemenis the 
| Dede rare: algebra (especially when Complex optimization As. ctane),.but,the-general idea is 
_, Simple. As for completeness, since the relation, daja-hase’s universe i Line (consisting of 


_a finite set of relations, each, being a finite class, of, Sinite-lengtp, ples). any exhaustive 


" : a é 
oe etka re A “athe? Sat 


| Now, the ma ne limitation of Codd’s scheme is. that dt. has absolutely, na facilities 
for expressing genera! information. Since the, nest of tbe. isques, Wiscyssed in. section 5 
it Js pointless ta discuss them in the 
cy. shecking, mentioned 


aed 


depend in some way on the use of general informe, 
__Santext of this representation. With regard.ta the, ase of eansiste 
_ above, another rasa. for nesting. 4 separye, repremnatgn. fq, exprssng, consistency 
constrains is that they ually invpive general nformatin, Fr qpample. “all pereqns have 
_-& unique sex, one of ‘male’ or Yemale™ is ong, such. general constraint, In summary, the 
1 differones, between, CE and 
Codd’s scheme. seni sot ee a i Sites pak aien elas gmk 


ability to handle general information is the maior, function 


6.22 Planner-like Languages 

The Planner-tike languages ‘are the result of one approach for adding general 
information to a Codd-like Wata-base. These ‘lah guiigel wele developed for artificial 
intelligence applications, and include Planner [Hewitt 1972); Conniver-[MeDermott & 
Sussman 1973], GOL {Pople 19724 and QA¢ [Rulifion et al 19721. “For purposes of this brief 
discussion, no distitition willbe made among them (even ttiough signif icant aiff erences do 
exist) -- the discussion is in terms of the general ‘ippreach, riot in terms of some pereeuiae 
“incarnation ‘of this aoproach. | - | 

There are two comporients of these’ representations. ‘The first is an assertional 
data-base which is essentlaily like Codd’s. The differences are minor: In Codd’s scheme, 
the tuples are “in” the appropriate relation, while in assertional data-bases the appropriate 
relation is “in” each tuple (by having the first stot in the cape be the relation’s 's name). “Also, 
assertional data-base tuples may be rested, such ee 
*(COLOR-OF BLOUKI (DARK RED). 

The second component of a’Plannet-like representation handles the general 


information. TThis'is‘ done using procedural ‘atiachihent ab discussed in section 5.4.2. The 


procedures ate attached to patterns, such as “(COLOR-OF 2K YY” When such a pattern 
is successfully matched against an aisettion in'the diti-base’the patterii's vars thar. x 
and Y) get bound to the appropriate pieces of the assertion (eg. X = BLOCK! and 
= (DARK RED)). This binding process is the way a ‘procedure réteives its arguments - 

the procedure has access to the bindings of its pattern’ s variables. . 
Both “antecedent” and “consequent” processing are dene using attached 


procedures. For antecedent processing, there is one set of procedures for additions, anda 
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separate set for deletions. When a datum is about to be added to the assertional data-base, 
all “addition” sieslares attached to patterns which match the datum are executed. These 
procedures may in tun aces the database, pail, using other procedures to be run, 
Similarly, appropriate “deletion” procedures,are executed when a.datum is deleted. For 
consequent processing, there is another set af procedures. for generating, assertions, which 
match a given pattern. For example, a consequent procedyre.attached to the pattern 
“(PRIME ?N)" might generate the prime numbers, (it of course being infeasible to store 
them all directly as assertions of the form (PRIME 2), (PRIME 3), (PRIM E 5), etc.) In more 
_ complex cases, the generating. procedures can thernselves access the data-base, possibly 
__ invoking other procedures. | 7 | | 

| Now, since al processing within a system based on Planner-like languages is 
controlled by the attached procedures, the "procedural. semantics”. (ig, behavior) of the 
system is determined by the user who codes these procedures Thys little can be said about 


a Planner-like system's behavior "in general,” because little can be said “in general” about 


quence of this, there is no built-in 


pals st 


the behavior of any programming language. As a 
logical semantics for the meanings of the assertions. For example, the assertion 


“(NOT (COLOR-OF BLOCK! GREEN)" might mean that bloc! 


kl is not green, if the 


relevant procedures have been coded to treat *NOT™ according ta its customary meaning. 
Thus it can be very difficult to determine the global meaning of a given. assertion, since it 
depends on the whole structure of procedures installed. in the system (which may be very 
complex). ; er . 


Since there is no general logical semantics, there can be ng general way of doing 


consistency checking. Also, notions of “logical. consistency” and “logical completeness” are 
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inapplicable without a logical semantics. Consistency checking can be implemented for a 
particular application by having the “addition” procedutes do whatever checking is 
necessary before a datum is added, but ‘this requires that all the information about what to 
check be coded directly in the procedures. “Thus when new checks are needed it ia Hecessary 
to change all the relevant procedures, which can be very difficult. Also, it is impossible to 
do "general vs. generat” consistency checking, since the géfieral information is implicit'in the 
structure of the procedures and is not diréetly manipulable. | 

Some Planner-like languages (eg. Micro-Planner [Sussman et al 1970]) handle 
universal quanti ication by explicitly iterating through the set of relevant pattern-variable 
bindings. For example, the notion of “every dark red ob ject” is represented ina procedure 
as a loop which iterates through all of the bindings of X for assertions which match 
"(COLOR-OF 7X (DARK RED))", This of course means that the class being quantified 
over must be reasonably small -- “every person” would take too tong, and “every prime 
number” would take infinite time. Asa soncate example, the query “Are all draft evaders 
criminals?” is answered by enumerating all of the known draft evaders and then checking 
each one for criminality. Not only will this take quite a while if there are many draft 
evaders, but it requires complete information concerning exactly who all the draft evaders 
are. Robert Moore [197] is currently researching the problem of handling incomplete 
information within a Plannier-like system. - 

The languages QA¢ and Conniver do provide a mechanism for handling 
multiple worlds. Each world-class (called a “context") is implemented as a list of “layers.” 


Each layer describes the differences between itself and the context reptésented by the 


following layers inthe list. This implementation makes it easy to tréate a hierarchy of 
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contexts without unnecessary copying = only those, assertions. which are different need be 
recorded. Using these contexts and the appropriate procedures, it.|s easy to represent events 
dynamically — ap evens procedure takes a before-content.and.retuans, an. after-cantext which 
is the before-context with an additional layer represgnting. the changes,iye to the event. 
However, unlike CE world-classes, contexts are not m anaes, manipulable. That 


is, it is not possible to, reason about contexts. . For. example, it.ls usually not possible to 


_ determine whether one context.is a stronger. version of another..ane, while in CE this is 
easily done (by showing that the first world-clags is.a.subclags, of the second). A 
With respect to the topics listed under 


yds OEY 


the only ones which. Planner-like languages, bandie well are N-ary relations and exceptions 
(such as “All birds can fly, except a few such, a4, penguins. apd, ostriches,” which CE can 
handle using probability). N-ary relations (Le assertions) ain primitives, in the. system. 
Exceptions can be handled using the context meghaniam; Crating a new context from an 
old one by adding an additional layer implies that the new gne is exactly like the old one 
_ 2scept where explicit differences are noted in the new layer. Note that the notion of 
"subcontext” (Le. a context. grown from another one. by aiding. a, layer ), is quite different 
from the CE notion of one world-class being a subclass of another. In. CE, the subclass 


May be different from the superclass by being, stronger (i¢. by. "knawing.more’), but it must 


be consistent with the superclass. (i.e. it may not "know different"). On the other hand, in 


QAt and Conniver a ‘subeontent may. be arbitrarily. differen. £gom, its. supercontext. 


_ In summary, the major functional differences. between. CE.and Planner-like 
languages are (I) that CE facilitates consistency checking, and (2) that Planner-like 


languages facilitate procedural attachment. 


§.2.3 First-order Logic and Resolution 
In the format usually used by humans, the primitives of first-order logic include 
‘variables, constants, Boolean connectives, N-ary functions (e.g. SUM-OF(x,y)), N-ary 
predicates (eg. GREATER-THAN(x,y)), and explicit quantifiers (V and 3). “Resolution” 
{Robinson 1965) is the machine-oriented inference procedure commonly used with first-order 
tog It requires that expressions be converted to “Skelem conjunctive hormal form,” which 
basically involves transforming them to remove the cobb the Boolean connectives, and 
“the explicit quantifiers. Given a set of expressions itt this forthat, the'résolution procedure 
uses “unification” (a pattern-matcher) to combine two existing expressions and thus generate 
a new one. This new expression is then added to the set of expréssions, and the unification 
cycle repeats. Usually, the cycle is repeated until an inconsistent eXpression is generatéd — 
as with CE, this implies that the original set of expressions was inconsistent. 

Thus resolution (like CE) is oriented towards tonsistenty checking. This requires 
first-order logic to have a logical semantics, and requires resolution 'to have a corresponding 
procedizral semantics ~ there are in fact formal arguments which demonstrate that both 
these conditions do hold. Furthermore, resolution is known to bé Both logically consistent 
and logically complete. | 

Like Planner, first-order logic does handle general information. Unlike Planner, 
the general information is expressed in the same matiner as the specific information. 
Furthermore, first-order logic can handle incomplete information — it is riot necessary to 
that class. 


So far, first-order logic and CE seem quite similar -- it is now time to look at the 


98 


differences. For one, first-order logic has certain formal difficulties with. expressing the 
notion of ‘equality (Le. identical objects). These. difficulties lead. to. various attempts to 


extend resolution to handle ob ject, identity in, a more patural manner. Ia-CE, equality is 


_ simply a degenerate case of subclass, which is a primitive. Another. difference is that first- 
_ order logic can handle arithmetic (and indeed.meast of: mathematics) .~ it uses. the “formal” 


. approach discussed in. section 5.4.4. 


. However, the major functional difference betwean.first-order logic and CE lies in 


_ CE’s use of worlds -- first-order logic has no.analogaus construct. This makes it very 


. difficult (if not impassible) for first-order logic te. handle hierarchical contexts, knowledge 


about knowledge, etc. Some AI research has. bean dene. on the issue of adding worlds to 


_ first-order logic, notably by McCarthy.(eg. McCarthy & Hayes {1960)). -- this is still a wide- 


open area. | 


6.3 Network-based systems 
631 DBTG and COBOL 


The local connections in a DBTG network (Codasyl 1971] are the access paths 


along which a COBOL program may trace in order ta.get access to the various records in 


the data-base. Thus the. interaction channel (Le the manner in which the “local” data 
Structures interact to make more “global” ones) .consists..of..the..particular COBOL 
procedures which access the network. 


As discussed above with respect to Planner-like languages, using arbitrary 


| procedures as part of the interaction channel means: that-there can be.ne general logical 


_ Semantics for the representation. That is, what a particular piece of data-structure "means" 
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is totally dependent on the detailed behavior of the: prosespes which access that data. As 
above, if a representation lachs-a logical semantics then it’ ty thpoMible to have a general 
consistency-checking procedure for i€(sincé such a prosetive bereuity reeds‘ to know what 
the dina aenueebied mean 4#n order to tell if they ure cOnsistelit). In DBTG, almost all 


consistency checking (done at the time of an addition; deltion, or Wpdate) must be explicitly 


coded into the particular programs which do the additions; ett: Unlike Planner-tike 


- languages, DBTG: has Tittle provision for procedural attachinent!’ This itieans that the 
| COBOL programs tend to beeome rather moretithic as trew features are ddded to a DBTG 
system -- there is no way ts modulatly attach new procediités ‘te’ the Felevant data-(as 
- Opposed to combining them alt in one thenolithié program): 

There are of course further difference bitween DBTG and ‘orher representations 
(such as Codd’s), but these are irrelevant to comparing DBTG with CE. The ita jor. 
difference between DBTG and CE is that virtually all of the interesting information in a 
DBTG system (“general” information, information about whit the ‘datastructures mean, 
etc.) -is buried deep within the particular COBOL procedtrés'imewid of being more 


directly accessible (for purposes of coriistency checkitig, ctranigus, tc) “ft ts of course true 


zm ares 


that DBTG cin do anything thit CE (or atiy ‘otter dita-Bikile si darido, But only 


because COBOL is a Turtng-miversal programmitig ting@age — DBTG does’ ey: tittle 
towards making: vache universat ‘power ‘fiere tractable tue 8 ee 


6.3.2 Quilian’s Semantic Memory 
One ‘of the first network-based representations was Quiftian's 967) model for 


human associative memory. The’ “semantic memory” Consists OF e 3 Uf nedes represent 


“concepts” (such as "dog", “meat, “eat’, etc) connecied by links. representing “associations” 
(e.g, there might be links connecting “ear” to. bath “dog? and. “meat,” presumably: indicating 
that dogs eat meat). The memory is accessed -by tabing cc puichaeand Finding the 
shortest path of associations connecting them. Thus given “doy” atid .“meat,” the shortest 
path might be the one earougn “eat.” | | 

This is very, much in. the spirit of .psychplegical sacrcaieraniil tests, and is not 
at all. meant to be.a model. of more-structured.“egical” thin) 


bing: For, example, the above 
. example could. just aswell. mean that, meats eatodags. the links -bave ao meaning-ether 
__ than that of pure asseeiation.. Now, being. parchologicat. model, Quillian’s system finds 
_ the shortest path in a psychologically plausible soanner. . The; yates propagates ‘markers 
along the links. breadth first (in parallel), starting at the two given concepts ("dog” and 
_ “meat"). Thus the place where these two “wave froma” interveat is: guaranteed ‘to lie along 
_ the shortest. path between: the two.given concept. The-psycholagical: plausibility of this lies 
_ in the fact that it can be. accomplished, by neuron-like gelis working in. parallel. thes 


. Slearly Quillian’s. scheme is too, unstructured. te bey useful in.a database. It is 


. included here because. it exemplifies label propagatinn-and same othe: aspects-of CE. -For 
. Oe, it does have a-kind of logical semantics. -- he notion..of “shortest path” can be 
rigorously. defined. in terms of. gragh theory, The procedural semantics is straightforward 
. Aparallel.marker propagation), and. the .conaectionpesween: the logical and. procedural 
semantics lies in showing. that :parallel. propagation 


minderd:-nesults in finding the: shortest 
path. | 
Unlike CE, the critical aspect of Quillian’s scheme is the timing of the 


propagations ~ if they are not done strictly breadth first then the first connecting path 
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found might not be the shorter. In CE, the order ih which things are done is irrelevant -- 
a different order may cause 2 tabel collision to octuriat'# different peint'in a CE net, but it 


is only the octurrence which matters, not the particular Wecation: - 


633 Semantic Networks 
Having introduced the ides of an explicit hetwork if ‘links and nodes to encode 
meaning, Quiflian and ethers tried te apply nich netWorks 0 taitdér ‘problems. “Quittifan’s | 


11969] TLC system was ain attentpt to do hacuratlangdage tomy 


version of his semantic ‘tmemory. TLC": network consists Ut ttePferen€ kinds of finks, with | 
different rutes for propagating markers: along them: This ‘prevents cofifusions such as the | 
above “meats eat dogs.” 
However, ail existing semantic memory schvernes fez. FORUS (Mylopoulos et al 
1975), OWL (Martin 49743, and Fahiman’s GIS) tack a: welldetined ‘gical: semantics. This 
leads to confusions such as the “sloppy quantification” eaacasies us section ’5. The 
“procedural semantics” for a sétiantic Network’ a tends ‘tebe etibodied in some 
somplicsted procedure for: araversiog the network, father we pare: ‘Qpiitfian’s: original 
| idea of well-defined paratiet ‘tarker ‘propagation seeras'to ‘have ‘been vejected ‘as beitiz too 
tied up with a very naive view of neurophyology, having Wo beating on how things 
should be represented in:a computer: From she -viewpelat OE uttémpts to show that 
parallel propagation is interestini computationally es well asipsycneRogtcatly. 


97 


‘7 Some History 
7.1 CE’s Past - 
As can be seen f rom section 6, research on CE has been influenced by work on 
_ mathematical logic and by work on semantic networks. From mathemajical logic comes the 
emphasis on having a well-defined semantics for all constructs. Also, a. CR “world” is quite 
similar to a logical “model,” the major difference being that in logic the models are not 
themselves manipulable objects in the representation, while in CE the worlds are 
manipulable. From semantic network . research. comes. the idea of parallel. marker 
propagation and the idea that everything should be specif ied in terms of local connections. 
In addition, the work which initially interested me in the iia of doing “semantic” 
computations using networks is Lamb's linguistic research into Stratificational Grammar 
(Lamb 1966, 1969] Much of the philosophical perspective which underlies CE is derived 
from Lamb, and so are sore of the nalativadl conventions (e.g. the symbol for CE’s 
partition constraint is the same as Lamb's “ordered OR.”) It is clear to me that without 


Lamb's influence the research leading to this document would never have occurred. 


7.2 CE’s Future 

As mentioned in section 5, CE can not currently handie events, procedures, or 
arithmetic -- one obvious possibility for future research is to extend CE so that it does 
handle these. Representing events is currently one of the hard problems in AI research -- 
the clean semantics of CE’s notions of “world” and “world class” may prove useful here. 

The appendices deal with several topics which are not as well worked-out as the 


body of this document -- fleshing out the details of these topics (“finding,” 
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“implementations,” and “knowledge about knowledge’) is another task for future research. 
“Knowledge about knowledge” is especially promising because this topic concerns itself with 
the relationships among differem worlds (the “real world,” the world ‘which tepresents some 
person's betiefs, etc), and CE is a representation’ in WHiH if'Is easy’ do seaté Tatts about 
"worlds. “Finding” is 4 topic which must be worked out in rhofe’detail'in order for CE to be 
practical for real ‘data-base applications, and issues of ~imptéted atin” ate of course 
always important when ofié is proposing’ a fiew feprésehtation. T believe that CE is'a system 


which can in fact be built upon by miyself and others: and that it'ts fide just a pretty toy. 
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Appendices 
A “Finding” 

The body of this document is oriented towards consistency checking, which entails 
the ability to answer “yes/no” queries. This appendix briefly discusses three techniques for 
_ handling “find” queries, which are queries of the. form "find att ob jects ‘x’ such that ..." 
Within the CE framework, the starting point for handling. such a query. is to. construct 
(intensionally) the class which contains all the desired. objects, and then to determine which 
ob jects are in fact in that class. For example, "Find all.the children of. Jane Smith” would 
, be answered by constructing the class Z in figure A-l and then finding all the objects 
which are constrained to be in ‘2’. Clearly, an object isin, ‘Z’ if and.only.if it is known (by — 
_ the data-base) to be a child of Jane Smith. 

The three techniques. presented below are different ways of finding all. the ob jects 
_in a class such as ‘2’. Of course, if the query is "Find one.of ...” then the "Find all” 
piocedure can be run until the first object .is found (after which the procedure can be 


_ halted). 


AL “Find the ..” using Object Identification 

If it is known that the "Z" class contains exactly one. ob ject, then finding is quite 
simple. Figure 2-6b shows an inference for "Find the. sex of ine Smith." Here, the ae 
class is the ob ject-class ‘x’ (which is constrained to contain the single sex of Jane Smith). 
Starting an “=x” label from this class, the goal-is.to have ‘x’ identified with some object in 
the data-base (in this case, ‘female’). As described in section 23, this.identification occurs 


when a "sx" label collides with an “«female” label -- this means that-‘x’ and ‘female’ are the 
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same object. Thus the label propagation procedure has found the single ob ject in the °Z" 


class. 


A2 “Find all .." using Suction 

| ‘When the "2" class contains more than asingte Ob ject, there is stift a simple 
technique which can be used to de ‘the finding. Consider figdre $41 and the query “Find all 
redwoods.” The basic idea betrrid-the “suction” tettiriqie it to Start a generated “g0096" 
| Jabel from the "Z" class (it this cise; REDWOGODS), and then note ‘ail the ob jects to Which 
the "-g0096" prepegates: In S41, it t:clear that the *sg0BS6" wifi propagate down the 
taxonomy using rute(p2)-untit it refiches all he? Ob ects thé bottom (fr example, ‘the 
objects which are the known Sequoia Nation“atPark Tedwoodi) ~ these objects are not 
shown in the figure. ' _ 

It remains to-be demonstrated that all the objects reached by the "-g0096" are 
indeed in the “Z" class. Stppese suck an obj fall 2 oeyfp- were not in "Z" Then it 
would be consistent to label “Z” with *-obj". This "-obj" label could then propagate in the 
same ‘ania as the "-g0096" did, and thus reach ‘obj. Since an object-class such as ‘obj’ 
can bieadeait aa “sobj" label, the "-obj" and the “ib f” wold coltitée’ at ‘vb, indicating an 
inconsistency. Thus the orfgirat assumption: chat “obj was riot in “2” is false, so in fact 
every ob ject reached by the "-¢0096" must’be'in the "2 clais. ) ar 

| This technique ts called “suction” because the “Z” clais sefids out °-" labels in an 
effort to "pull ob jects tite: it” Having‘tione'a sueifon’ inference, thé user is Tefe with the 
problem of determining whieh @ate-base objects have: beeri reached ‘by the *-g0086". From 


the user’s point of view, the ‘date-base ‘consists of a black box with some Classes being 
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accessible as “terminals” -- the terminals consist of all the classes which the user knows 
something about. In particular, the object-classes in which the user is interested will be 
among the terminals. So, what the user needs to do is to leak at all the object-class 
terminals and see which ones have the “-g0096" on them. Of course for a large data-base 
the user will need some sort of automatic monitor to. watch. the terminals and signal the user 
_ when an interesting label (such as the "-g0096") arrives. It-is:not difficult to.see how such a 


monitor can be constructed (either out of hardware, or ag:part of a CE system simulator). 


AS “Find all...” using Reflection’ ce 

The one problem with suction is that it is cee incomplete: -- sie ate many 
simple cases in which the generated ".g0096" becomes blocked. and can noe ‘propagate far 
enough to reach the relevant objects. Figure A-2.shows.a simple case of this. The network 
above the dotted line ites that Jane Smith is a child of Mary. Smith, and that Billy Jones 
is a child of Jane Smith. Now, the query is "Find all grandchildren of Mary Smith.” The 
network below the dotted line constructs the class ‘Z’ to be the children of the children of 
Mary Smith, and the task is to find all such objects in-‘Z’.. Glearly, ‘Billy-Jones’ is an ob ject 
in ‘Z’. To see this in terms of label propagations, just start an “aBilly-Jones” label from 
Billy-Jones. By applying rule (b2) twice (along with rule pl) and then rule (bl) twice, a 
“+Billy-Jones” will propagate to z, indicating that Billy-Jones is-indeed in ‘Z’.. 

However, suction fails to propagate a °-" label from ‘Z’ to ‘Billy-Jones’. Starting 
from a "-g0097" on ‘Z’, there are no propagation rules which can be applied. What is 
needed is to start from the other end -- some means is. needed. to have ‘Billy-Jones’ start an 


“«Billy-Jones” from itself. As described in section 2.2, it is infeasible to have every ob ject- 
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class in the data-base-broadcast an “s” label, since this would swamp the system. Thus the 
| goal of the “reflection” technique is to start’ x ‘spetial kind OF taBet from "Z" which will reach 
the relevant ob jects (such as ‘Billy- Jones’) and ‘probably sore of the: irrelevant oned too. All 
ob jects reached by this label’ wilt theri vefttet back their *s" tebeta; ind’ then only the ones 
which are truly in ‘Z’ witt eoeeaany nave ‘a SO beF propagate to Z’. “That is, the initial 
label. sent out from °Z’ is meant to selett a small: nuithber of objeen (telative to the: Size of 
the data-base), and then thess:selected objec are waned fer: muinbership’th ‘2’ by having 
them broadcast their “=” labels. | 

The second stage of this process is already well'defined'~ us described in section 
. 2.3, an | ob ject-class: et aA “s” fadel whenever it is teached by any ‘other label 
(including the one sent out from'Z}. Ie-remains to describe thé first stage -- the label to be 
sent out from ‘Z’. This must be a iew type'ef label; sitiee 6", "e", and” lnbéls tary’ be 
easily blocked.. Call this nvew- fale! the-"F" label: Unitike the “o% %s”; and "" labels, the?" 
label has no real semantics ~ a "77 tabét_on a class sitiply fHeani that the class is omehow 
: “associated” me the "Z" class. 

One possible propagation rulefor “?° is'to say thar when any constraint detects a 
"2" on any. attached: classpoint, it should’ propagate 2°?" to all of its other attached class- 
points. This rule: resutts in’ Qpillian-like “wave front” of *?" labels, propagating out from 
the initial "Z" to- every class which is contietead (in' the graphtheoretic sense) to" by some 
path of constraints and points. Since every relevant Object (ie. ones In "Z") must be 
corinected to “Z" by some such path, this propegitidn sathnique iy gdararitec 
reach every relevant ob ject (which'wifl then reflect back fts'"3" label). Unfortunately, this 


‘to have "?" 


particular propagation’ rule will cause the "?” to-reach“every poitit ih the network, uriless 
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the network is really two or more totally disjoint ones. That is, everything is likely to be 
eincered (via some possibly long path) to everything else, so this propagation rule is not 
selective enough. 

The details concerning a more adequate set of propagation rules for "?” have not 
yet been worked out -- that is why this material appears here in an appendix instead in the 


body of the document. 
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B_ Implementations of CE . 

_ ‘This appendix describes three possible implementations of CE. The first uses 
unconventional cellular hardware to do the label propagations in parte The sacond isa 
modification of the first'‘which uses an n array. of ileroprocesors (and is more feasible than 
the first with currenc i technology). The third ‘implementation is ¢ one that acualy exists i 


the label propagation: are performed using an ordinary general-purpose computer. 


B1 Using Cellular Parallel Hardware 

The basic idea is to have each constraint in the data-base be an active processor 
which continuously looks at its attached class-point for patterns of labels which match the 
constraint’s propagation rules. When such a match is found, the processor propagates the 
appropriate labels to other class-points. Each class-point is'a register which indicates what 
labels (if any) are currently on that point. Thus each constraint is a processor which reads 
and writes the registers corresponding to the class-points Rae to that constraint. 

The main limitation of such a CE machine lies in the number of labels which 
might pile up on a single class-point. There are basically two ways to approach this. The 
first approach is to endow each point with a fixed number (N) of slots, each slot containing 
a pointer to a label. Here, the number of labels on ac point is limited to N, but the total 
number of labels in the whole network may be much greater (since each point may have up 
to N different labels). The disadvantage of this scheme is that each of the label slots will 
be several bits wide (the log of the maximum number of labels allowed in the network at 
one time). If this number is M, then each point requires N times M bits, and the constraint 


processor needs to be able to copy and compare these M-bit labels. This requires either M 
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wires connecting each constraint to each of its points, or some multiplexed scheme using 


fewer wires. Either of these alternatives is undesirable, becquse it, it important to minimize 


The second approach allows both for fewer wires and simpler. processors. It relies 
on limiting the number of different labels in the entire network (at Just on each point). 
_ Assuming that N labels are allowed, then each point need gnly have, 2N bits worth of 
Morage: Each iba srpresne by 0 bis, who four ster ingle “To, and 
__ “hone.” With this scheme, copying a. label. involves changing oply 2 is (the bits Being 
Indicated elther by a pointer of log,N bit, ar by multiplexing), Throwgb,all points, runs 

the “point bus" which sends reset signals, to all points And handigs the signaling of 
inconsistencies. A Point will signal ; an inconsistency if. it is told to. seta . label's. state to “-" 
and its current state is “ +" or "e",and vice versa, es & ek 
_The partition. constraints and the ® ob ject constraints do {pot Heed to. know. what is 
’ “inside” : a label (being. interested only in the +/-/= states), Put the other constraints do have 


_to be able to decompose a complex label into. its simpler. ents. Hence the system 


wee 33 
Bayete + 


“must contain one N-slot “label memory" which gives the. sruchuge. for. gach, label. - ~~ either, an 

ob oivor. pair, or an ordered-palt/ world triple. The.’ “wart” part of gach, Jabel, js a 
log-N pointer to the label in the label memory which is.the. original label's world-tag.. To 
allow acess to this memory, there must be a “abel bys” which presents the contents of the 
label memory for inspection by in constraint procegsaes.. This sap either, be dons, qn & 
order with the proper synch), a. | | 


Bad additonal complexity is that is oe tm SOneraine _ world constraints, and 
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binary relationship constraints can generate new tabets. ‘This must be handled by the label 
bus either on a request basi ‘or by having’ all uniised tabél’ memory’ slots be ‘assignable 
during their presentation-time on the bus. Also, the label meméry ‘must contain information 
about ob ject identifieations ‘and about the world tree. caene ata 

Finally, there must be a procedure for “growing” new wires when a new datum is 
added to the data-base, otherwise it would be necessary to change pieces of hardware every 
time new data is added. Consider the CE machine to consist of a tessellation of constraint- 
processor cells and point-regtseérs: Each processor flila Of! a'fixed type (corresponding to 
the particular kind of primitive constraint whith ‘the ‘celf implements), and thas fixed wires 
attached to 1 through 4 point registers which it “owns” (the nuniber’of points being 
determined by the type of the constraint). ‘Now, a new dabim’is added to the ‘data-base by 
adding some new constraints. A new cofistraint is “added” by selecting. a’ currently-unused 
processér cell of ‘the cotrect type and “linking” its ‘oivned polis fo the dppropriate other 
points in the network. When two point are “linked” it means that they represent the same 
class and hence their registers must be kept in the same states -- they must be “wired 
together.” Now, figures 2-lg and 2-Ih show such a “wire” ~ if is a ‘partition “constraint with 
‘only one subclass. Thus the task of “growing a wire” Between two Salidgines translates 
to the task of activating enough of the currently unused partition’ constraints to form a 
chain between the poitits. ‘The clidin wifl actively propagate aif the labels trom each of the 
original point-registers to the other. To grow the chain, a Guillian-like “wave front” of 
"special labels which propagate only through lumised partition constraints “cain be Sart’ 
from each of the original point-registers. The place where the two wave fronts f irst 


“intersect is then known to be part of the shortest path conhecting the original points. The 
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unused Partition constraint which is at the place of intersection can. activate itself, and 
propagate a wave of “activate yourself" Jabels back along both wave fronts. Those 
partision constraints in.the original wave fronts which do pot receive: “activate” labels are 
not part of the chain being grown, and thus remain.unused.. | 

Of course, many details stil remain to, be worked out before a celjular CE 
machine could be built, even if current LSI technology is capable of the task... 

. 

B.2 Using Microprocessors ("active pages"). ok 

Since the cellular. machines proposed above ate not likely to. cxist for a while yet, 
it would be convenient to be able to use current technology. to implement. the CE 
parallelism. One way to do this is to. segment the network into local "pages", each with its 
own microprocessor for propagating labels within the pagys:cFhe narwgek within a.page 
would be implemented as a linked-list structure,.so the; prablem of growing wires in cellular 
hardware does not occur. Each processor has access to-the “label bus” as above, in addition 
to a cammon “mail bus" which is used to.export(and import) labels which.cross page 
boundaries. | 

It would not be unreasonable with present technolegy to have a l-page chip which 
contains the proneade and the linked-list, memory for a single page: These could then be 
Stacked up to make the data-base, with more chips being ssided to th2-stack as the data- 


base grows. 
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B3 Using « Digital Computer 

A CE system has been implemented to provide the’data-base and thé tow-level 
inference capability for the "MACSYMA® Advinte* (Cenesctiih19N1° "MACSYMA is a 
very complex system for doing symbolic mathematics, and’tie advisor is'a proposed 
subsystem to aid users when ‘they reed Help. The user will fhteratt with the advisor in 
more-or-less natural English. ‘The advisor uses thie’ English’ niu, the ‘history of the user's 
interactions with MACSYMA, and the advisor’s own knowledge about MACSYMA in 
general and this user in particular in order to forthiulate ‘its advite. The advisor consists of 
an English parser, a high-level ‘problem solver, anda fow-Bivel’ data-base and inference 
capability (for which: CE is used). “The data-base contains’ essentially all of the advisor's 
information about WACSYMiA “sri about the user: Getidierdth eattiviates that the CE data- 
"base will contain about 20000-constraints, ings a 

The CE system used: for the advisor is imptenientet in LISP without any 
multiprocessing. ‘Paratielism is simulated ‘by having a ‘priority queue of propagations to be 
done. With a sequential system, it ‘is ery itmpertent!to' hve bbe helitistics fot deciding 
which propagation to do next -- doing them purely breadth-first (as paraflel ‘hardware 
would) is quite wasteful.’ Two of the heuristicsused are °° | 
(1) Propagate "+" labeis in: preference to" ones. For exairiple, tt is ‘thuch less expettsive to 
propagate “+” labels upwards in a taxonomy (such as figure $4) ting’ rule (pl) than it is to 
propagate “-" labels downwards using rule (p2), Basically, this heuristic says tat is usually 
more informative to know what something is as opposed to what it is not. 
(2) Propagate existing labels in preference to generating new ones. This is a useful 


heuristic since the implementation is limited in ‘terms of the number of different labels that 
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can exist at one time. In addition, it prevents inferences from wandering off into long 
nestings of relations (caused by rule b2), such as “my father’s brother’s political party's 
candidate.” 

There are other heuristics which will be described in Genesereth’s report on the 


advisor. 
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C Knowledge about Knowledge rt vik, SAG? Py ae 

The problems involved with representing “knowletige about Knowledge” are 
interesting both technically and philosophically; they are also quite difficatt.” This 
” appendix shows how’ some of these probléms ‘cil BY tesdlved" by using“ the CE “world” 
construct, which allows explicit statements to be made about various worlds (both physical 
and metaphysical). This ails is divided into five sections: The first two deal with 
“belief”; the third ard fourth deal with “knowledge” (Le. “true” beliefs); and the fifth 
briefly discusses modal logic. The example used throughout this appendix is the following: 


“Billy knows who Jane's real father is, and she doesn’t knew that he knows.” 


Cl Belief 

To introduce the idea of “belief,” this section uses a simplified version of the 
above example -- the full version is used later. The simplified version is: “Billy believes 
that Jane’s real father is John, and Jane doesn't believe that Billy believes it.” Figure C-ia 
represents this using CE. | 

Region (a) of C-la states that Jane's father is the ob ject ‘jf’ (named acronymically). 
Without having any other information about ‘if’ (which region (a) does not), all this says is 
that Jane has a unique father. 

Region (b) states that W-JF=J is the class of all worlds in which Jane's father 
equals John. What it literally says is that W-)JF=] is the class of all worlds in which ob ject- 
class ‘jf’ is a subclass of the ob ject class ‘John’. (As has been mentioned many times, one 
ob ject-class is a subclass of another if and only if the two objects are the same.) 


Region (c) defines W-BILLY to be the class of all worlds which are consistent 
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with Billy's beliefs. Of course, the relation class ‘BELIEVES’ has ‘oa ptiori meaning to 
CE ( just as "FATHER;OF’ does not), but it-4s-agsumed,that, the user always uses 
‘BELIEVES’ to mean the relation between:am ipdjyidual.and all. the world-objects which 
are consistent with that individual's beliefs. The. name "BELIEVES" is of. course arbitrary 
and is not part of ; the data-base in any. cage. == the. important structural feature of 
‘BELIEVES’ is that all references to.an individual's beliefs are made via this class. I 


belabor this point only to eriphasize that nothing, Ney. has been introduced ~ BELIEVES" 


. is justan ordinary binary | relation. 


Region (@) states that Billy, believes ‘gis Jane's. father is. John. That is,. every 
world in W-BILLY (ie. every world consistent with Billy's beliefs) is also a world in 
W-JF=J (ie. is a world in which Jane's father equals John). ‘Mein. eeetion. 245; the use of the 


subclass constraint means that W- “BIELY is srooger | than. w- ~JEsJ.~ eis believes at jeast 


_ thet Jane's father is John, and he may believe. otber things. . . 


Region (e) adds the constraints that Jane does not believe that Billy believes that 
her father is John. ‘As with W-BILLY, the class. W-JANE contains all worlds which are 
Consistent with. Jane's beliefs, The class. W-BBJF=}.is all. worlda in which : Billy believes 
Jane's father is John (ie. all worlds. in. which, W-BILLY is. siponger than W-JF=}).. The 
_ partition constraint then means that there is no world - in. W-JANE which is also in 

W-BBJF=] (ie. the two classes are siuriatipceistay tal That .is, nane.of Jane’s possible 
world-views allows for the possibility that "Billy believes .." , More. literally,in every one of 
_ Jane's worlds it. is the. case that. W-BILLY. is.not.a. subclass of. WeJF=). That is, in all of 
Jane's worlds there is.some world in. W-BILLY which dsqg¢-4r W-}P=]; 30 Biily has at least 


one possible. world in which. Jane's father-is not Joha,; . 
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C.2 : "I believe ...” 

There is one remaining problem with figure Cla. Region (e) statés that in all of 
Jane's worlds it is not the case that W-BILLY is a subclais of ice hs while —— (d) 
subclass constraint in tegion (d) is not’fetativized, it if ehiled" for all worlds. Thus it is 
necessary to relativize region (a). Well, W-BBJF«} is alrtady defined as being exactly | 
those worlds in which the subtias constraint holds) ‘Thus the subclass constraint in region 
(d) can be deleted, and something new should be connected’ td W-BBJF=J. The question is, 


who is the one who believes that “Billy believes ..°? The answer is that the data-base 


believes it. Therefore a world-class’ is néeded to represent the data-base’s *point of view" 
call it T. Then figure C-1b shows what should ‘be added when region (a) is deleted — it 
? states that I (the data-base) believe thar Billy bélleves... * Betiaviorally, if class ‘I’ is used by 
putting a “+inf” label on it as ‘part of thé inittat tabeting. This entblés whatever is attached 
to 'T, such as the ‘W-BBJF«). 


Now in one sense everything in the data-base is quatified by “I (the data-base) 


se believe suchrand-such* ~ ‘aver all, thedata*base: itself’ can Be viewed as ‘being an entity 


‘with a elit of view, much as Btity and Jane’ are. ‘The ‘reason for. needing’ an explicit 
representation for “I (the data-base)" is that it may be netéssary'to represetit other points of 
view which conflict with the data-base's. In the above exanipile, jarie’s point of view 
regarding Billy's beliefs is different from the data-base’s; and this conflict is what 
motivated the introduction of ‘T in the first place. “By having ‘en explicit ‘T’, the data-base 
can keep. track of the difference ‘between facts it believes tobe trae in att worlds (including 


Jane's, for example), and facts which it betievesto be true onty ‘th its own: worlds. The next 


Top AR oh Mp a nis pa ee ea $e hte yh ga slew 
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‘Section deals with how the data-base can represent. the fact that some of these.many worlds 
are “true” and the some (like Jane's) arenottrue = sy, 


shee 


C3 Knowledge, God, and Wisdom 
The simplified version of the example, represented in figure C-1, deals only with 
“belief.” However, the original example. deals with "knowledge" -- not only does Billy 
Belge that Jane's father ig John, he knows One 


_ data-base believes is necesarily “true” (at least insofar asthe datarbase is concerned). This 


rage 


on, is to, say. that whatever. the 


is quite reasonable -- after all, how could the data-base ever accomplish anything if it were 
in continual doubt about the validity of what it believed? of course, there may be cases. in 
which it is desirable to represent. the fact that the data-hase considers itself to be an 
unreliable source of information regarding certain, topics, ~ this, can be handled by the 
“probability” mechanism described in section 352. So, in the context of the above example, 
the fact that it is true that Jane's father Is John. can, be represented by aiding the. fragment 
‘shown in figure C-le: Now, both John and the davacbase-beligye that Jane's father is John, 
| _ which miakes John’s belief “true” (insofar.as the datasbase is.conceroed). 
|The problem with this scheme i hat “rut gina to be agaciy that. which 
the data-base believes. i is reasonable to say that the data-bage's ogliets contain only true 
statements, but it is unreasonable to say that the, Matarbase’s beliefs contain all true 
_ Statements -- the data-base certainly does not have. complete information about everything 
that is true in the universe. If the data-base does not have this complete information, who 
does? The solution is to create a world-dass W-GOD, which. man. contain all the 


worlds which are consistent with “reality.” 
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Now, it is desirable to retain the ‘above notion that everything the data-base 
balleies is true, even though the data-base’s béliefs do tioe eneotipass all triiths. This is’ 
represented in figure C-2a. As usual, the direction of the subclass arrow is from stronger to 
weaker: God's deliefs (i.e. reality) are consistent with the data-base’s beliefs, but God 
believes many ‘other things in addition. Note that W-GOD might be’so strong as to be a 

“single ob ject: Representing W-GOD as an ob ject-class would ‘mean ‘that God allows only 
one possible universe. Akhugh’ the issue of whether the uni¥erse is “one” or “many” might 

"be of philosophical interest to some, it appears to have nid technical importance here — I 

have not yet fourd any cases for which it makes a difference whether or not W-GOD is an 

~ ob ject-class. 

Using W-GOD makes it possiblé to abstractly describe two different aspects of an 
entity's “wisdom. The first aspect is that everything the entity believes is in fact true -- 
this is shown in i C-2a. The second cna is that the — es all there is to Ko 
the entity knows exactly what.God does. Now; this notion of “absolite wisdom* is ‘Clearly 
not very useful -- often someone is considered to be wise only with ‘respect to a given 
sub ject area. One passible solution is to divide God’s khowisige into several domains -- 
figure C-2c divides knowledge into the domains of “accounting,” “mathematics,” and 
“other.” Then, to say that Billy knows everything there is to know about accounting, the 
network in figure C-2d can be used. Of course, domains such as “Accounting” are much too 
large for most purposes ~- they can be further divided until an‘appropriate size is reached 
(such as “Billy knows all there is to know about accounting for inergers using the pooling- 


of-interests technique’) 
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-, Of course, just using the name "W-ACCOUNTING! does not mean that the 
data-base thereby knows what the domain.of accqunting it It.moay be necessary for some 
applications..to constrain, W-ACCOQUNTING appropriately xithis:is a :topic for future 


research. 


C4. Interworld Ob jects . a ee 

The above discussion. of W-GQD does not seem to.have much direct relevance to 
_ the example of Jane's father — everything works, correctly by juss, using'‘the: construction in 
figure Crlc (without, ageding to introduce W+GOD). Ax detailed above, this.construgtion 


involves the assumption that, the data-basg. knows everything. that. Jp. true, but, this 


assumption causes no difficuly in the example because, io fact the data-base does know all 
the relevant. facts. ‘However, figure Cel does. not quite handle.the original example, which 
is "Billy knows who Jane's father is..", not "Billy. knows Jage’s,fasher is John.” “The 
problem is that Billy may know that Jane's father is Jabo (or. whosver), but the data-base 
does not know it. That is, there is an entity (Billy) a knows more than the data-base, 
which means that the data-base can not be used as the arbiter of truth. _This is why 
_. W-GOD is needed for the example. | 

_A rephrasing of the. relevant part of the. example is. "Billy believes that Jane's 
father is.a, and Jane’s father is in fact.a.” That.is, both Billy,and God believe that Jane's 
father is identical ta the ob ject ‘a’, but the data-base does-nat know. anything else abput ‘a’. 
As.a first attempt at.representing this, consider. figure. C-Sa, which is meant to replace, the 
relevant parts of C-la, 


The problem, with C-3a is. that, the object-class ‘a’.can be a different extensional 
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object in different worlds, just as in figure 2-Sa ‘the-president-of-the-US’ can be different 
people at different times. In particular, ‘a’ can de-different ‘for Ged and for Bitty, -which 
goes against the idea that God and Billy should have the same ‘a’. The setation is to 
introduce a new primitive constraint, the “interworld ob ject” constraint, the symbol for 
which is shown in figure C-3b. This constraint acts the same as the ordinary ob ject 
constraint, except it always represents the same extensional object in all worlds. ‘Its label- 
propagating behavior is the saine as the normaf Ub ject convtraint’s nile’ (61) ~ it broadcasts 
an “sob j label. The difference is that collisions between such’a’ labeland a +obj2” label 
can occurregardiess of whether or not the two fibels ‘have thé same world-tag. Thus | 
objects in ‘ait fereic worlds can become identified with’ each ‘other. This behavior 
implements the fact that the interworkt abject (ari intensional construction) represents the 
same extensional ob ject in all worlds: By making the object-class“a" an interworld ob ject, 
the example is completed: The’ data-base ‘knows ‘that Bay knows ‘the identity of Jane's 


- father, without the data-base inset knowing that identity. 


C5 Modal Logic 

Modal logic deals with (among other thing#) the distinétion ‘between "necessary" 
truths and “contingent” truths. A necessary truth is ofté that is trie Horn the definitions of 
the terms used -- for example, it is necessarily true thiat aff crows are dirds, if we use “trow" 
"and "bird" with their normal meanings. However, it is only contingefitly true that all crows 
are black -- no logical laws would be violated if pink crow tgipekred: tomérrow. Modal 
logics are systems in which the distinction bees "necessary" and “contingent” can be 


explicitly specified. Int this sense, CE tan be used ‘gs'a rode! togit? “Figuré C4a states that 
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all crows are necessarily birds -- the subclass constraint holds in all possible worlds. Figure 
C-4b states that all crows are. contingently black. the subclass constcaint holds in this . 
reality, but it might not hold in some other. That is, the data-base allows for.the possibility 
that in some worlds it might not be the case that All crows are black. . | 

_ Another aspest of modal logic. deals with notions such as “want,” as in “John 
wants Jane to be with him” A rough translation of this is that John "desires" a world in 
which Jane is with him. This can be represented directly by wean a binary relation 
DESIRES with the same form as BELIEVES ~ it relates an individual to a class of worlds. 


Working out the details of this is a topic for future research. 
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D Design Decisions 

As with any research project, certain more-or-leis aibarary design decisions had 
to be made during the formulation of CE in order that the work might proceed. This 
appendix briefly discusses some of these decisiond and some alternatives to them. The 
main reason fot inclading this appendix is that for certain’ applications of CE, some of 
these alternative designs might be preferable to the ones described in the body of this 


document. 


D.1 Other Labels 
There are alternatives to the use of *s", "=", and "=" labels. One such alternative 


is to eliminate the “=" label. The only interesting propagation rule which this change would 
eliminate is rule (b5), and for some applications this rule might not be necessary. Rules (b6) 
and (b7) were included only for completeness ~ they refer to relations which contain only a 
single ordered pair, and this notion has not yet proved to be useful. 

If "=" is eliminated, it is necessary to reformulate the process of ob ject 
identification. With "=", identification occurs when an "=" collides with a “+” (or another 
“="). Without "=", identifications occur when a “+” reaches an ob ject-class. Thus the +" will 
have to come to the object, instead of the “+” and the objects “=” being able to meet “half 
way.” This may reduce the number of ob ject identifications -- sshathier or aes this is 
important depends on the saimicilr application. 

Another alternative is ee) add the “-«" label. If this label is sn a class, it means 
that the class is.empty. Here, “s” is a notation for “all ob jects,” so "-2" means that all ob jects 


are known to be not in the class. This label fits in well with the existing propagation rules 
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which involve "=" -- after all, "=" means that the class is almost empty. For. instance, 
rules (p5) and (u8) can be augmented to put, * ¢" Jabels on. the classes. currently labeled or 
since they are necessarily empty. This additienal information. nay be of use in some 
applications, particularly where there are many, empty classes. 

A further ene is to scrap all. of | the existing hel in, favor of-a dif ferent 
scheme. The existing labels all refer to.obiects ~ different scheme can he used in which 
the labels refer to classes. In one such scheme, there are three labels: 

“~A” on a class ‘C’ means that ‘A’ is a subclass of ‘C’; *. 
“+A” on ‘C’ means that ‘C’ is a subclass of ‘A’; of re 
“oA” on ‘C’ means that ‘A’ and c are mutually excusve, 


i 7 : "+"; “e" 


In this scheme, “e” corresponds roughly to.” 


a late 


known to eae a subclass of he anh The ie peeps rules Lg the Primitive constraints 
_ can be modif ied to handle these labels appropriately, The problems with this scheme stem 
from the Lod that it pei net refer to ob bjerts. For one thing, it is Junckar how the idea of 
"ob ject” (eg. single menber class) can be seller at, all ~ = - some other, kind of. labei is 


provadly needed. For another thing, | it is not ol eeaientcs whether Lied classes being | ref erred 


EO ot : 


to are sea or not -- all the classes sould be empty and the labels would still Sitipaig abe 
aD GOLD Rte? RBG, MG GLACE Er Tage 
This actually might be an advantage for applications where it i required that all classes in 


\ 


the network be non-empty. 
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D2 Other Objects 

Currently, CE has two kinds of ob jects which can appear in labels: ‘simple ob jects 
such as "x", and ordered pairs such as “cx,y> ‘It may be useful to introduce other kinds of 
objects for certain applications. For example, considér integer arithmetic. Special integer- 
objects “3”, "17", etc. can be defined, and primitives such as “sum” and “difference”.can be 
defined which use them. For handling inequalities, objects can be defined to represent 
integer intervals, and these can be manipulated by constraints which express the various 
inequality relations. . ; : | 

Another kind of ob ject is the nested ordered pair, such as "<a,<<b,c>,d>>", 
Nothing in this document has required them, yet nothing explicitly prohibits them either. 
It clearly complicates things to allow labels which are abtraily deep nestings of pairs, but 
this complexity might be worthwhile in some cases. For one ‘thing, LISP-like structures can 
be built by defining a primitive constraint for CONS which can be used to pt these pairs 
together (and take them apart) For another thing, quantification ‘could be performed 
without using the t-m constraint. The basic iden is to introduce a primitive for relation 
_ composition, and let the bound (quantified) objects be explicitly carried along in nested 
tuples. This technique is ecusivalent to Skolemization in first-order logic. kt is not hard to | 
work out the dezails of such a scheme for relation composition ~ such details are not ‘given 
here primarily because the resulting expressions seem to be very unnatiral aid awkward to 


reas 


121 Appendix D 


D3 Other Primitive Constraints | 
Since CE is highly modular, it is visi to introduce a new primitive without 
having to worry about how it will interact. with all the enisting primitives. Indeed, 
throughout this document new primitives have bern. assapetans introduced . or proposed 
(eg. in the immediately preceding, section), ‘Since CE is built entirely pat ‘of label-ob jects 
_and primitive constraints, any addition to CE will be either in: terms cf new objects, new 
_ Constraints, or both. 

One such possibie addition involves. ‘procedural pttaghmant” as described in 
section 5.42. Within the CE framework, ‘this involves defining a new ‘constraint which 
behaves normally ~ it looks for appropriate patterns of labels on. is 5 attached class-points, 
and propagates new labels when such patterns occur. However, inside this constyaint might 
be an arbitrary procedure for accessing the outside world either te roe information or to 
produce effects. For example, the class ‘PERSONS’ mi might be tied via ‘such a recedes to 
an external file which lists all the persons. A “sobj/inf” label-reaching this class causes the 
procedure to add ‘obj’ to the list. of persons, and a “ob yint” causes an inconsistency if in 
fact ‘obj’ is a person on the list. 

The ma jor limitation on the power of such a procedure is. that is must have a 
well-defined semantics in terms. of label, peopagations In the ‘PERSONS’ example, the 
semantics is easy to express since the file in the outside world corresponds qu ae directly toa 


_ CE class, but more complex procedural interaction with, the outside world will certainly be 


more difficult to express in CE’s terms. This is an area for future research. 
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— The Partition Constraint 
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Figure 2-2 — Rules for the Partition Constraint 
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Figure 2-3 — The Object Constraint 
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Figure 2-4 — The Binary Relationship Constraint 
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Figure 2-5 — Rules for the Binary Relationship Constraint 
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Figure 2-6 —~ A simPle inference 


PRRENTS-OF 
12582) +<Jane~Smi thyx> 


FRTHER-OF 
15,93} +<Jane-Sai th, x> 


ith 
13,01) *Jene-Bel th 


{1 pi box 


Figure 2-7. — f mere compl icdled: inference 


WALES. 
1G, pil x 


ms 
; bald mn... rere A 
AB lie, ith VP a RG bbe 
»Pli *Jane-Sa ; i 
18, pli ex: 


132 


* PARENTS-OF 
(2-8a) 
* CHILOREN-OF 
* +<d,r> * +<d,r> * -<d,r> 
(invl) Cinv2) 
(2-8b) saezae> ugenee> 
* & +<r,d> * 
*# e<d,r> * B<dyp> 
(inv3) 
uaaann> 
* ® <p, d> 


Figure 2-8 -—- The Inverse Constraint 
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(2-8b) * SPOUSE-OF 


Figure 2-9 — Examples using the Inverse Constraint 
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*A ® WeJUDEO-CHRISTIAN-FAITH 
* 2B *C * W-CATHOLIC-FAITH 
-x/u ~x/v 
(2-18a) (2-18b) 
*A * VIRGINS 
, H-VIRGIN-MARY 
WoCATHOLIC-FAITH ; 
*B Mary 
(2-18) (2-18d) 


Figure 2-18 — The World Constraint 


*A 
(wl) 
2uan> 
tu/. 
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tx/a/... 
*A 
(w3) 
eean> 
W 
wu/eoe 
*B 
a 
+x/u/ees 
(wS) 
azane> 
Ww 
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*A *A aA 
tx/u/oes -x/u/... m/s es. 
(w2) 
2222> 
Wi * 
+u/ tu/ses +u/. 
‘ Sidhe: “ ' S hihias 
Pn: *A *A 
-981S2/u/... ox/u/ir. ox/a/oes 
(ud) 
suss> 
W Wd 
mules. " “u/ 
B B 
yi +98152/u/... : Ais : tx/u/.o. 
A 
tx/u/..e 
W 
pulses 
*B 
ax/u/... 


Figure 2-11 — Rules for the Worid Constraint 
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{1,031-g0153/x/int 
{2, wil +g0153/x/int 


WA * 


WB 
ih +x/int i8t=x/int 


p 
* 
{1,03} +q0153/x/inf 


Figure 2-12 — An inference using the Worid Constraint 
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* MOTHER-OF 


C )}———5 cL ® 
Jane~Smith Jane-Smi th’ s~mother 


(2-13a) (2 


* MOTHER-OF 


PERSONS 


the-Person the-Person’s-mother 


(2-13¢) 
-x/w 
B * om 2895 w 
aa \ 
cr 42835 
=x /w2836 
(2-134) (2-13e) (2-13) 
W-IN * * R-OUT 
cL obj 
(2-13q) 


Figure 2-13 — The Typical-Member Constraint 


~13b) 


w2834 


42635 


obj 


42837 


tuel/iee 
* * 
(tml) 
sunze> 
* 
tx/ued/ee 
World-tree before: 
-~-7-nl 
tu. 2/wel/iee 
* * 
(tm2) 
auneR> 
* =x/u.2/... 


World-tree before: 


---wl—- 


W.2 
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tuel/... +48082/u.1/... 
* * 


= 882/... 
aris. sia 


Worid~tree after: 
---w.l ——— wb082 


tuel/... tue 2/uei/... 
* * 


SHA ax/u.2/. 0s 


Worid-tree after: 


---wl—- 


ue2 


Figure 2-14 — Rules for the Typical-Member Constraint 
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+Hary-Smi th/int 
{6,plt 


Mar y-Seni th/v0R0, : *Jane=Sui th/u8eel 81 ' I yj Jones /usens 
t THE-CHILOREN THe ShRMnCHT 


=Bil ty-Jones /u8062 
116, tall 
LOREN he~gr 


andchi id 


Mary-Saith/udse. 
tit tial 
GRAND- 


PARENTS 


WX 'S 148, tri} -00002/u8001 


® CHILOREN 
andl Cees th, Bil ty-Jones>/int 
th, Jane-Smith >/int 


TARY’S-CHIOREN 


Nary-Suith TH pil 
(S,oll sane San Hint 
wlare-se! th/int 


“Smith <a eS CHTL OAH \: Bibl y=Jones 
(Sl =Jane-Saith/int > Uspll > aia 
ee ein =Bi lly-Jones/iné 


‘ Figure 2-15 — An inference using the Typical-tember Constraint 
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* PHYSICAL-OBJECTS 


ANIMATE-OBJECTS * * INRNIMATE-OBJECTS 
gener N 
PLANTS * * * WEIROIES 
ANIMALS 


TREES * oe 
*,. * 


a * 
* BACTERIA 
®., 
* REDWOODS 
*., 
SEQUOIA NAT'L * * OTHER 
PARK’S REDWOODS REDWOODS 


Figure 3-1 — A sample taxonomy 


(3-2a) * 
c 
a iM 
Al * 
*0D 
(3-2¢) * 
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*B A * 


(3-2b) 


*B 


(3-2d) 


(3-2e) 


Figure 3-2 — Intersection and Union 


* Bl 


On 


“ job = = —[+ + 
; aase> Pon @ tx/... 


. a ; (u2) muf/ees 
ia “u/... eater one, 
- , onfens 

: on/es 

“ee fe fm bn whee 
. ~ ; Hh eee 
; {+f as 
een suns> 
eee = +b sy/... pont 


ox/. 


Figure S~3 — Ruted fer the Union Constraint 


—e/eoe 


tulses 
these 


. 143 


ibd 


seas> 


; (13) 
'" same> 


as 


aene> 


= ee 
es 


ox/eoe 


Figire 3-4 — Rules for the Intersection Constraint 
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(c2) 
ox/... ® sume> ox/i.. * 


. FORTUNATE 
A3 ; ONES | | E 
x ‘5 


Figure 3-5 — The Complement Constraint 


a ae 


tx/ies 


UNFORTUNATE 
ONES 


x 
UNHAPPY- 
ONES 


(3-8a) - 


(3-6e) 
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® HEIGHT-OF 


Aristotie’s- 
he igh: 
ot 


Plate’s~ 
heigh 


Socrates’- 
helgh 


hl 


z 


ee 


Figure 3-8 — A Transitive Relation 


146 


Figure 3-7 — An Neary Relation 
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Hary Sai th® 
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*8 
(3-8a) 
*) ——_)—_- R 
(3-8b) 
* * 
PERSONS GRAND-PFRENTS 
(3-80) 


Oy 
CHILOREN-OF B.1 


Figure 3-8 — Using the Inverse Constraint 
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* CRIMINALS 


: ; W.23 
W~JANE-SNITH 
* DRAFT- 


(39a) EVADERS 


hoe view) * W-CERTAIN 
* (agency’s view) 
\ * W-ALMOST-CERTAIN 


* (group’s view) 


\ * W-VERY-LIKELY 


* (Project’s view) 


/ * U-LIKELY 


* (Jane’s view) 
(3-96) (3-9¢) 


Inf —~ w-certain ——~ w-almost~certain —— wovery-likely ———- w-likely 


(3-94) 


W-JRNE-SMITH es 


W~ALMOST-CERTRIN © * 


DRAFT-EVADERS * 
CRIMINALS 
(3-9e) 


Figure 3-9 (3-9a - 3-Se) — Using the World Constraint 


(3-94) * 
PERSONS 
PERSONS 
(3-9q) 
Figure 3-9 
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* SEX-OF 


* SEX-OF 


(3-94 ~- 3-99) — Using the World Constraint 


PERSONS tha=perse 
(Seer sce 


) s = 
# NOTHER-OF 
N teaser | tomate 
y a 
(3-168) ) thevsai 
# BLOD0-GROUP-OF oo ae 
; ; _thecateete ji ‘io0g. = 


(3-18b) 


Figure 3-18 — fh Template 
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Figure S~l1 —~ An example of Incompleteness 


Linear notation: (A (BC) 0) 


Network notation: 


Figure 6-1 — Linear and Network notations for LISP 
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* CHILDREN-OF 


2 * Jane-Smi th 


Figure A-i -—— Constructing the "2" class 


pir ie dones ; Jane-Smi th Hary-Smi th 


* CHILOREN-OF 


Figure A-2 — Example for Refiection-finding 


(e~la) ‘ 


(region a) (region &) 


FRTHER-OF 


(region e) 


(e~lb) 


tei e ae 


Figure C-1l — Bellets 
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(e~2a) W-GOD a I 


(c~2b) W-SOME-ENTITY ns W-GO00 


W-ACCOUNTING * 
W-MATHEMATICS * W-GOD 
W-OTHER » 


(e-2e) 


(e-2d) —W~BILLY aie aa W-ACCOUNTING 


Figure C-2 —~ Knowledge and Wisdom 
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(c-3b) @ 


Figure C-3 — The Interworid Object 


+. 


(c-ba) CROWS —=7 BIRDS 


(e-4b) CROWS * t BLACK- 


THINGS 
W-GO0 jo 


Figure C-4 — "Necessary" and “Contingent” Truths 
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constraint 
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This index notes where some of the technical terms are defined. 


domain (of a relationship) 


extension 
inf 
intension 
label 

ob ject 


ordered-pair 
propagation 
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t-m 
world 


world-class 


world-tag 


bl - bé. 
cl - c2 

il - i5 

invl - inv3 
) 

pl - ps 
tml - tm2 
ul = ud 

wl - w2 


This index notes where the propagation rutes are defined. 
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